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Abstract 
Of all the forms of hydrotherapy, hot water immersion (HWI) is perhaps the least investigated. 
The lack of HWI research on exercise outcomes is surprising given the number of studies with 
beneficial outcomes from the use of heat therapy. Chapter 1 provides a narrative review of heat 
therapy studies, including the various equipment used, how the timing of heat therapy (e.g., before 
or after exercise) can influence outcomes, mechanistic physiology (i.e. how heat therapy induces the 
beneficial effects) and a rationale for further research into HWI. Various heat treatments (such as 
microwave diathermy and sauna) can induce beneficial effects. However, the use of HWI, as 
opposed to these other heating modalities, has many advantages. Accessibility monetary and time-
cost all favour HWI over other heat therapies. Therefore, the aim of this thesis was to investigate 
the effects of HWI on recovery, performance and adaptation.  
 
Chapter 2 investigated the effects of post- resistance exercise HWI on acute recovery and 
performance. Previous HWI studies had highlighted some small benefits of HWI, however other 
heat therapy research proposed the importance of achieving high muscle temperatures from heat 
therapy to generate beneficial effect. Therefore, it was hypothesized that 45°C HWI would enhance 
recovery following resistance exercise and increase subsequent performance. Participants 
completed a resistance exercise session followed by a recovery of either 10 min of 45°C HWI or 
passive recovery (PAS). Muscle and skin temperature measurements, strength testing, blood 
sampling and perceptual questionnaires were completed over a 6 h time period post recovery 
culminating in a squat performance task at 6 hours after recovery. There were significant time, 
condition and time x condition effects for muscle and skin temperature, and time effects for strength 
(measured using a squat performance task), rate of torque development (RTD), and blood markers 
of muscle damage and inflammation. Additionally there were time x condition effects for plasma 
myoglobin and IL-8 content. However, there were no significant differences between the trials for 
strength outcomes, suggesting that HWI is no better than PAS for acute recovery following 
exercise, and subsequent performance. 
 
Following on from the short-term recovery focus of Chapter 2, Chapter 3 was designed to 
investigate the chronic effects of HWI on adaptations to hypertrophy training. Previous research 
highlighted how heat can enhance muscle mass and strength development when combined with 
exercise. Therefore, the hypothesis was that HWI after resistance exercise would enhance muscle 
mass and strength adaptations to training. Participants completed a 10-wk lower body, hypertrophy 
training program. After each training session, participants completed either HWI or passive 
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recovery (PAS); same protocols as Chapter 2. Pre- and post-training measures included 1 repetition 
maximum (1-RM) of 45° leg press, knee extension and knee flexion, dual x-ray absorptiometry 
(DXA) for overall lean muscle mass assessment, magnetic resonance imaging (MRI) of the 
quadriceps to assess volumetric changes in muscle mass, and muscle biopsies for muscle fibre and 
molecular analysis. Both HWI and PAS conditions increased 1-RM strength for all measures. 
However, there were no significant between-condition differences. Both conditions significantly 
increased absolute leg muscle mass (as measured by DXA) and absolute quadriceps mass (as 
measured by MRI). However, when assessing DXA relative change in leg muscle mass to starting 
body mass, muscle growth was significantly attenuated in the participants from the HWI condition 
compared to the PAS condition. These results suggest that HWI is worse than PAS for improving 
resistance-exercise induced adaptations to training.  
 
Chapter 4 was designed to evaluate the effects of HWI on the post-exercise molecular 
hypertrophic response. With previous research highlighting the potential of heat therapy to enhance 
molecular activity of factors associated with hypertrophy, it was hypothesized that HWI would 
enhance the expression of genes and proteins associated with hypertrophy more so than PAS. 
Participants for this study were the same participants who completed Chapter 3. Participants had 
muscle biopsies taken before a resistance exercise training session, and at 2, 24 and 48 h after the 
end of a post-exercise recovery session (HWI or PAS). Analysis of gene and protein data 
demonstrated that there were no significant main effects for any of the markers of myogenesis for 
both HWI and PAS conditions. Further HWI had minimal effect on the expression of genes 
responsible for atrophy and inflammation whereas PAS reduced the expression of these genes 
compared to baseline. These findings suggest that HWI does not upregulate molecular factors 
responsible for hypertrophy compared to PAS, with PAS potentially limiting the post-exercise 
atrophic and inflammation response more so than HWI. 
 
From the studies completed for this thesis, it would appear that the HWI protocol used in this 
thesis does not enhance acute recovery and performance outcomes, nor does it enhance muscle 
mass and strength adaptations to lower-body resistance training. Future investigations could 
evaluate the effects of manipulating the HWI protocol (e.g. time, immersion level, temperature), 
and further examine the effect of HWI on the post-exercise stress response (such as cortisol), which 
may have hindered resistance exercise-induced muscle adaptations. 
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Introduction 
As discussed by Hausswirth & Mujika [1] , recovery allows humans to adapt to training loads, 
reduces the chances of injury, and improves the body’s ability to repeat the performance in future 
efforts. Recovery is often beneficial when undertaken at the conclusion of any exercise training 
session or performance in the field, to help the body manage any physiological effects induced from 
physical activity completed (such as increases in body temperature or loss of fluids). However, 
recovery may not always be necessary following all instances of activity and may be disadvantageous. 
For example, athletes substituting off during a game may not wish to undertake any recovery practices 
which may hinder their performance when they return to the field of play (such as cooling down). 
Therefore, it is important to when to implement recovery, in order to help maximise the desired 
response. 
 
Many methods of physical recovery have been examined in the literature, such as warm-/cool-
downs [2-4], stretching [5-7], massage [8-10], and hydrotherapy [11-13]. These broad strategies can 
be further classified. For example, stretching can be broken down into static, dynamic, and 
proprioceptive neuromuscular facilitation. Hydrotherapy can also be categorised into cold water 
immersion (CWI) (more commonly known as “ice baths”), hot water immersion (HWI), 
thermoneutral water immersion and contrast water immersion (swapping between CWI and HWI 
during the singular recovery phase). 
 
When examining the research in regard to hydrotherapy recovery, there is an extensive amount of 
literature regarding CWI, whereas there is a significant lack of research on HWI. This imbalance is 
highlighted in the review by Versey et al. [14] of hydrotherapy recovery after exercise performance. 
Of the 53 studies included in the review, 37 studies included CWI conditions, whereas only five 
studies included HWI conditions. A small body of research has highlighted the potential for heat used 
not only as post-activity recovery strategy, but also for pre-conditioning muscle before resistance 
exercise or other forms of stress (e.g., injury, immobilisation). Faster recovery of strength [15], 
decreased markers of fatigue [16], and increased size of regenerating muscle fibres [17] are just some 
of the benefits found from heating before or after resistance exercise or muscle injury.  
 
However, some of the heating methods used in research to achieve beneficial effects could not be 
classified as safe or practical in human settings. For example, raising core temperature to 41°C (as in 
a study by Touchberry et al. [16] is potentially dangerous. Additionally, other heating devices (such 
as microwave diathermy [15]) may not be readily available to athletes when travelling away from 
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their home base to train/compete. The use of HWI could be a practical alternative to methods used in 
heat research to date. Considering the limited HWI data available, further research is warranted to 
determine whether HWI produces similar benefits to other forms of heat therapy. Despite the potential 
benefits of HWI in a variety of situations, ensuring that the HWI protocol is safe for humans is a 
priority. This review examines the effects of heat in recovery and adaptation. The physiology of 
recovery and adaptation are covered, with a focus on physiology that changes in response to heating. 
The timing and methods of heating (with a focus on HWI) are also addressed to evaluate the current 
status of the field in regard to utilising heating to assist with recovery and adaptation. 
Molecular Physiology Influenced by Heat Therapy 
Exercise-induced adaptation, fatigue, and inflammation are all factors to consider when choosing 
a specific recovery strategy. Certain recovery practices may promote fast, short-term recovery, (which 
may be ideal for repeated bouts of exercise); however, the same recovery strategy may not be 
beneficial for promoting adaptation to training. Therefore, it is important to select an appropriate 
recovery strategy that can help an athlete to adapt better to training and achieve the necessary 
physiological capabilities for competitive success. Heat therapy provides benefits in a variety of 
situations such as: faster recovery of strength [15], decreasing markers of fatigue [16], increasing 
regenerating muscle fibre size [17], and increasing muscle protein content following stress (e.g., 
injury, immobilisation) [18]. The molecular mechanisms through which heat may assist with 
resistance exercise adaptations and recovery from resistance exercise include: (i) activation of the 
mammalian/mechanistic target of rapamycin (mTOR)[19] signalling pathway, (ii) increasing heat 
shock protein (HSP) expression, (iii) influencing myogenic factors, and (iv) reducing oxidative stress 
and inflammation. 
Mammalian Target of Rapamycin 
mTOR is a key component of the cellular pathway that stimulates cell growth and proliferation 
[20], and is involved in protein synthesis [21]. mTOR regulates two complexes: mTOR complex 1 
(mTORC1) and complex 2 (mTORC2). As discussed by Laplante and Sabatini [20], the precise role 
of mTORC2 remains unclear. It is known that mTORC2 assists with cell survival [19], proliferation, 
metabolism and cytoskeletal organisation [20]. mTORC1 is significantly better understood in terms 
of its operation, function and role in many processes such as protein and lipid synthesis, mitochondrial 
biogenesis [20] and cell proliferation and cell cycle progression [19]. 
The mTORC1 signalling pathway (which is also known as a variety of longer names, based on 
including its upstream regulators in the signalling pathway [22, 23]) is influenced by other factors 
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outside the cell such as insulin, and growth and hypertrophic factors [24]. In turn, these factors 
influence phosphorylation of Tuberous Sclerosis Complex 2 (TSC2), which is one component of the 
TSC1/2 complex. The TSC1/2 complex acts as a GTPase-activating protein for Ras-homolog 
enriched in brain (Rheb). In turn, Rheb activates mTORC1 and subsequently causes phosphorylation 
of downstream targets. Specifically, Rheb activates proteins such as eukaryotic translation initiation 
factor 4E-binding protein (4E-BP1) and p70 ribosomal protein S6 kinase beta-1 (p70S6K) [24, 25] 
through the mTOR regulatory protein [26]. Subsequently, 4E-BP1 initiates eukaryotic translation 
initiation factor-binding protein (EIF4E), which together with p70S6K, induces protein synthesis 
[25]. 
The mTORC1 signalling pathway is complex, with many up- and down-stream regulators all 
influencing the activity of this pathway. Even when certain components of this pathway are 
blocked/inhibited, or a pathway independent of mTOR is activated, the hypertrophic response can 
still occur [27]. Bodine et al [28] demonstrated that the protein kinase B (Akt)/mTOR pathway was a 
significant factor in skeletal muscle hypertrophy in rats by genetic activation and blockade of this 
pathway. In regard to downstream targets of mTORC1, p70S6K strongly correlated with increases in 
muscle fibre size following a 16-wk resistance training program [29]. 
 
Research from animal and human models into the muscular effects of heat therapy have included 
targets in this cellular pathway. Yoshihara et al. [30] exposed rats to one of five different hot water 
temperatures (37, 38, 39, 40 or 41°C), or a control condition without heat stress. Soleus and plantaris 
muscles were removed immediately after the immersion. Compared with no heat stress, 
phosphorylation of the upstream regulator of mTOR, Akt [23, 25], was increased in the soleus muscle 
after 40 and 41°C HWI, and in the plantaris muscle after 39, 40 and 41°C HWI. After 41°C HWI, 
Akt phosphorylation was higher in the soleus muscle (compared with 37, 38 and 39°C) and in the 
plantaris muscle (compared with 37°C). p70S6K expression was also significantly greater in the 
soleus muscle after 41°C (versus no heat, 37 and 38°C) and in the plantaris muscle (versus no heat 
and 37°C). This finding is of great significance, because increased phosphorylation of p70S6K is 
associated with hypertrophy in both animals [31] and humans [29]. However, the expression of 
another kinase downstream of mTOR, 4E-BP1, was similar between the different treatment groups. 
The results from this study highlighted how heat can positively influence hypertrophic factors. 
 
Kakigi et al [32] used microwave diathermy (150 watts (W) for 20 min immediately before and 
during isokinetic knee extension exercise in humans. Muscle biopsies were collected pre-heating, 
immediately after exercise, and 1 h post exercise. Heat significantly increased phosphorylation of Akt 
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(Ser473), mTOR (Ser2448), ribosomal protein s6 (RPS6) (Ser235/236) at 1 h post-exercise compared 
with the control condition (no treatment). p38 mitogen-activated protein kinase (p38 MAPK) 
phosphorylation (Thr80/Tyr182) immediately post-exercise was also higher after heating, compared 
with the control group. Finally, heat treatment increased phosphorylation of 4E-BP1 (Thr37/46) at 1 
h compared with post-exercise. These results are promising for future investigations into enhancing 
muscle hypertrophy with the heat therapy. 
 
In summary, the mTOR pathway plays an important role in the process of muscle anabolism and 
regeneration. Influencing body temperatures for optimal activation of the mTOR pathway could 
contribute to the improvements in muscle mass following regular heat treatment, with or without 
strength training [33, 34]. 
Heat Shock Proteins 
The discovery of heat shock proteins (HSPs) has been credited [35-37] to Ferruccio Ritossa in 
1962, although further analysis revealed their role and gave them their name [36, 37]. Since then, 
many roles of HSPs have been discovered, such as cell chaperoning, preventing protein denaturation 
and aggregation of cellular located proteins [36], cytoprotection, cell signalling [35] and maintaining 
mature cell homeostasis [38], to name a few. HSPs are a family of proteins, which are classified by 
their molecular mass (kDa), ranging from small (8 kDa) to large (100 kDa) [39].  
 
As discussed, HSPs have many roles and functions. In regard to the role of HSPs in muscle 
physiology, one of the key HSPs is HSP70. As discussed by Senf [40], the importance of HSP70 in 
regulating muscle physiology was first identified by McArdle et al. [41]. Wild-type mice and 
transgenic mice (with an overexpression of HSP70) were induced with muscle damage via repeated 
lengthening contractions of the extensor digitorum longus. Muscle force was monitored over a period 
of 28 days with HSP70 content and muscle fibre analysis conducted only a group of mice three days 
after the muscle damage. The results showed a faster recovery in muscle force and reduced muscle 
fibre damage at 3 days after muscle injury in the transgenic HSP70 mice comparted to the wild type 
mice.  
 
Other research has shown the when there is an absence of HSP70, muscle recovery following 
injury is impaired. Senf et al. [42] reported HSP70 ablated mice injected with a cardiotoxin (to induce 
muscle damage) resulted in several negative results in regard to muscle recovery. This included 
impaired muscle degradation and regeneration, smaller muscle fibre cross sectional area (CSA) of 
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regenerating muscles and impaired inflammatory response (determined by reduced muscle expression 
of cluster of differentiation 11B (CD11B), CD68, and myeloperoxidase, at 1 d post injury, and 
continued expression of pro-inflammatory markers 16 d post-injury (e.g. CD68-positive 
macrophages. However in another study, Senf et al.[43] showed that overexpression of HSP70 was 
able to attenuate muscle fibre atrophy via immobilisation. Additionally, overexpression of HSP70 
was able to reduce the activity of FOXO3A (and subsequent activity of the atrophic genes atrogin-1 
and MuRF1) and inhibit NF-κB activity (which also regulates muscle atrophy). 
 
HSP70 is not the only HSP to assist with regulating muscle physiology. In Dodd et al. [44] and 
similar to the work by Senf et al. [43] HSP27 was overexpressed in the soleus muscle of rats before 
rats underwent hindlimb immobilisation for 7 days. Similar to the results of Senf et al. [43], muscle 
fibre atrophy was attenuated in the HSP27 overexpressed rats compared to rats without 
overexpression. Further the authors showed NF-κB activity (which regulates muscle atrophy) to be 
significantly blunted in those rats that were HSP27 overexpressed.  
 
Together, these results highlighted the importance of HSPs in the protection and recovery from, 
muscle damage. By reducing initial muscle damage, improving muscle regeneration, and reducing 
muscle atrophy, these factors may all contribute to beneficial adaptations of muscle in response to 
stress/exercise. 
 
A number of studies has evaluated the response of HSPs to aerobic exercise. Febbraio and 
Koukoulas [45] showed ~2.2 and 2.6-fold increases of HSP72 messenger ribonucleic acid (mRNA) 
expression in skeletal muscle during cycling at ~40 min to volitional fatigue and at the time of 
volitional fatigue respectively. Morton et al. [46] subjected participants (n=8) to a 45 min treadmill 
run at an intensity equal to their individual lactate threshold and conducted muscle biopsies pre-
exercise and at 24, 48, 72 hours and 7 days post exercise. HSPs αB-crystallin, 27, 60, 70 and heat 
shock cognate (HSC) 70 protein levels were measured at these time points. The expression either 
increased in several participants or remained unchanged. HSP70, HSC70 and HSP60 expression 
increased to approximately 210%, 170% and 139% of pre-exercise levels at peak expression, which 
occurred between 48 and 72 hours. Only HSP70 expression was significantly higher than pre-exercise 
levels at 7 d post exercise. The results demonstrated that non-damaging exercise produced highly 
variable increases in HSP expression. 
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Several studies have evaluated the effect of resistance training on HSP response, where muscle 
damage may occur more often than aerobic activity. Cummins et al. [47] had participants complete 5 
sets to failure of unilateral knee extension at 30% of 1RM. This leg was designated the “free-flow 
leg” as this leg was exercised after completing the same amount of exercise on the other leg with 
blood flow restriction. Muscle biopsies were collected 1 h before exercise and at 1, 24 and 48 h after 
exercise. At 1 h post exercise, HSP27 content in the cytosolic fraction in the free-flow leg remained 
unchained however it was significantly increased in the cytoskeletal fraction at 1 h post exercise. αβ-
crystallin content was significantly decreased in the cytosolic fraction and significantly increased in 
the cytoskeletal fraction at 1 h post-exercise in the free-flow leg. HSP70 content in the cytoskeletal 
fraction was significantly increased in at 48 h in the free flow leg compared to pre-exercise. 
 
Paulsen et al. [48] had participants complete 300 maximal voluntary eccentric contractions of the 
quadriceps in one leg (with the other leg serving as the control). Measures of strength, soreness, blood 
samples and biopsies were regularly collected over the following 168 h post-exercise. Muscle 
biopsies were collected before the exercise. HSP27 content muscle fibres (as measured via 
immunohistochemistry) was significantly in αβ-crystallin creased from 30 min post-exercise through 
to 96 h post-exercise. Interestingly, it was noted that the amount of HSP27 positive fibres correlated 
with reduced strength. HSP70-positive fibres were significantly increased in the exercised leg 
compared to the control from 8 h through to 168 h post exercise. mRNA expression of HSP27, αβ-
crystallin and HSP70 were all increased at 4 h post-exercise through to 24 h post-exercise. Together 
all of these studies show that HSPs respond to resistance exercise and the response can be blunted 
through resistance training. 
 
Finally, Cumming et al. [49] reported several effects of resistance exercise and resistance exercise 
training on HSPs. A resistance exercise session completed by untrained females resulted in 
translocation of the HSP αβ-crystallin from the cytosol to the cytoskeletal fraction. Additionally, 
HSP27 in the cytoskeletal fraction increased after the resistance exercise session.  
 
Other research has examined the impact of training status and chronic resistance training on HSPs. 
Morton et al. [50] compared basal HSP expression in skeletal muscle from trained and untrained 
individuals. The authors found significantly greater basal expression of αB-crystallin, and HSP60 in 
trained subjects, but no significant differences for HSP70 and HSC70 between groups. A secondary 
component of the study involved the trained subjects completing a non-damaging exercise protocol 
(45 min run at 75% VO2max), with muscle biopsies conducted at 48 hours and 7 days later. These 
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muscle biopsies showed no significant increase in αB-crystallin, HSP 27, 60, 70, and HSC70. The 
authors concluded that the stress response to this exercise was lessened due to the increased physical 
conditioning of the trained subjects. Similarly, Cummins et al. [49] reported an increase in the basal 
cytoskeletal content of HSP27 after a resistance training intervention but found a diminished response 
of HSP27 translocating into the cytoskeletal fraction following the resistance training intervention. 
However, even though the HSP translocation response was attenuated following training, HSP 
mRNA expression (CRYAB, HSPB1 and HSP90A11) following resistance exercise was elevated 1 
h post exercise in the trained state (similar to the response following resistance exercise in the 
untrained state). Paulsen et al. [51]also reported increases in the cytosolic fraction of HSP27, HSP70 
and αβ-crystallin following 11 weeks of resistance training. Whilst there were no changes in the 
cytoskeletal fractions following training, the authors suggested this may have been due to the delay 
between the end of the resistance training intervention and the final biopsy. 
 
These results show that HSPs often have an acute response to muscle damaging/unaccustomed 
resistance exercise, but these responses can be blunted following training (perhaps due to increases 
in the basal content of HSPs). In regards to heat therapy, heat ap[plied to the body could be consider 
as a stressful stimuli and research has shown the impact of heat alone and heat combined with 
exercise/stress on the HSP response. 
 
In an animal model, Selsby et al. [52] found that maintaining core temperature between 41–41.5°C 
for 30 min with a heat blanket in immobilised rats, increased the expression of HSP25 by 75% and 
HSP72 by 7-fold in the soleus muscle. There were no changes in HSP expression in the control 
(immobilisation only) group. HSP protein content in muscle also increases in response to combined 
heat and mechanical stress [53]. In this study, rat muscle cells were exposed to one of four conditions: 
(1) a control condition of 97 h at 37°C; (2) a heating condition of 1 h at 41°C followed by 96 h at 
37°C; (3) a stretch condition of 1 h at 37°C followed by 96 h of mechanical stretching at 37°C and 
(4) a heat-stretch condition of 1 h at 41°C followed by 96 h of mechanical stretching at 37°C. Cell 
HSP72 and HSP90 expression increased in all conditions, other than the control condition, indicating 
a heat-induced HSP increase. The heat and stretch conditions, whilst increasing the HSP72 and HSP 
90 expression, was not any different from stretch or heat alone. Finally, Touchberry et al. [16] showed 
that soleus muscle content of HSP72 at 2 and 48 h after eccentric exercise was greater in rats that 
underwent heat therapy 48 h before  the eccentric exercise compared with an eccentric exercise only 
group. In terms of chronic heat exposure and HSP response, Maloyan et al. [54] showed rats that 
underwent chronic heat acclimation (34°C for 30 days) significantly increased basal cytosolic levels 
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of HSP72 protein and rate of mRNA expression of HSP70 significantly increased after heat stress in 
heat acclimated rats. However, whilst the rate of translocation of HSP was increased in heat 
acclimated rats following exposure 41°C for 2 h, the translocation response was blunted in heat 
acclimated rats following exposure to 43°C for 2 h. This was determined by comparing time to peak 
HSP content.  Yang et al. [55] reported HSP70 expression in the heart, liver and kidney of rats 
exposed to HWI (42°C) once a day for 7 d was lower than the HSP70 expression after rats exposed 
to HWI once. Further, circulating pro-inflammaotry markers TNF-α and IL-6 were significantly less 
in the rats expsoseed to 7 d of HWI than those exposed to HWI once. A possible reason for this may 
be that the continual exposure to HWI attenuated the HSP70 response and in turn (given HSP70’s 
known role in promoting inflammation [42]) than this may have contributed to the lower pro-
inflammatory markers. 
 
In contrast to the beneficial effects proposed of HSPs on muscle physiology, Frier & Locke [56] 
proposed that HSPs can exert negative effects in skeletal muscle. As described earlier, rats heated 
before muscle overload (through gastrocnemius removal) showed a smaller increase in total muscle 
protein and reduced expression of type I myosin heavy chain expression. They proposed that the 
increases in muscle expression of HSP72 and HSP25 blunted biochemical signalling induced from 
the muscle overload, which is needed for muscle hypertrophy.  
 
Similar to animal models, human investigations have also reported contrasting effects of heat on 
HSP expression in muscle. Ogura et al. [57] demonstrated an upregulation of muscle HSP27, 72 and 
90 content 24 h after microwave diathermy, which increased muscle temperature at 2 cm depth to 
~40° C at the end of the heat treatment. Touchberry et al. [58] found a significant increase in muscle 
HSP70 and HSP27 phosphorylation 24 h after 20 min microwave diathermy and 20 min heat pack 
application. Incidentally, this HSP increase was only found in female subjects, with the authors 
suggesting that the significant increase in females only may have resulted from an overall smaller 
muscle mass, which therefore allowed more of the total muscle to be heated as opposed to the males. 
Finally, Kuhlenhoelter et al. [59] reported increases in the gene expression of a range of HSPs 30 
mins after lower body heating (both whole lower body heating and unilateral thigh heating via water 
circulating garments). 
 
However in contrast to the passive heating literature and as a follow-up to the previous work [46], 
Morton et al. [60] compared passive heating to heating generated by exercise. In this latter study, they 
passively heated one leg of each participant through immersion in water (45 °C for 1 hour) whereas 
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the other leg (non-heated) served as a control. Muscle biopsies were taken pre-immersion, and then 
at 48 hours and 7 d post. The heating induced no significant differences in protein expression of HSPs 
even when the leg was heated to the temperatures induced when exercising in their previous work 
[46]. The authors concluded that other factors that induce stress when exercising are more responsible 
for mediating HSP expression than the resultant heat production from exercise. Hoekstra et al.[61] 
reported no changes in cicrculating extracellular HSP72 following HWi however this may be due to 
a reduced HWI temperature (39°C).  Further, Vardiman et al. [62] reported no changes in muscle 
expression of HSP70 following microwave diathermy and resistance exercise (24 h after microwave 
diathermy). This contrasts with the previous mentioned study by Ogura et al. [57], which showed that 
passive heating increased expression of HSPs. However, the difference in methodologies makes it 
difficult to compare these studies. Ogura et al [43] used microwave diathermy, which only heated a 
small area of the body. This is compared to Morton et al. [47] who used HWI, thereby exposing a 
larger area (i.e. whole leg) to the heat stress. This may have led to varied physiological responses due 
to the amount of body area placed under stress (with heat stress being another form of stress for the 
body to respond to). Similarly, However, the earliest muscle biopsy following heating occurred at 48 
h post-heating/24 h post-exercise, therefore any potential increases in HSP expression may have been 
missed.  
 
In summary, several HSPs are known to be import in regulating muscle recovery and throught 
their roles of cell cytoprotection,  promotion of the acute inflammatory response and assisting muscle 
regeneration, these may help contribute to muscle adaptation to stress.  There is still more to learn in 
relation to the role of HSPs in muscle physiology. Future research will continue to build on existing 
knowledge and help to further understand how HSPs respond to stress and the different conditions 
that up- or down-regulate their expression. HSPs may be the main factor responsible for the benefits 
of heat therapy. 
Myogenic Factors 
One final area where heat has been shown to exert beneficial effect at the molecular level is in 
myogenic factors. A small number of studies have demonstrated heat therapy to elicit positive effects 
on these muscle growth factors. Hatade et al. [63] crushed the muscle of rats before applying heat 
(42°C water in a plastic bag, placed on the injured site for 20 min). Rats were sacrificed over a period 
of 28 days, during which the injured muscle was removed at various times. The results demonstrated 
earlier expression of MyoD (which regulates proliferation and differentiation of satellite cells) in rats 
that were heat-treated following muscle trauma. Earlier immunoactivity of dystrophin and Pax7, and 
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quicker time to peak expression of myogenin (MyoG) were some of the other benefits found in the 
heat-treated rats. Together these results show how heat can enhance muscle growth at the molecular 
level. 
 
Guo et al. [64] exposed rodent C2C12 myoblast cells to one of three ambient air temperatures: 37, 
39 or 41°C. Their results showed that 39°C was an optimal hyperthermic stress to increase the density 
of myotubes and increase the expression of genes associated with myofibrillogenesis, such as alpha 
1 actin and titin. The optimum temperature for increasing expression of a range of myogenic factors 
was 41C (all apart from MyoG which appeared to increase most at 39°C). Together, these results 
show how heat therapies can help with muscle growth at the molecular level, providing a solid 
framework for future work to be conducted in this area. 
 
Heat Therapy Research 
Whilst there has been ample heat therapy research conducted to date, the research can differ 
greatly in regards to the timing of the heat therapy, the equipment used and outcomes measures. 
Below is a review of the methods used to induce heating, the timing of heating and the outcomes of 
the research. 
Types of Studies 
Heat treatment has been used in a variety of studies. Animal studies have investigated the effects 
of heat treatment in response to synergist ablation/compensated hypertrophy (whereby one muscle in 
a group of muscles is removed so that the remaining muscles are forced to work harder), and 
immobilisation/limb unweighting (whereby limbs are immobilised or suspended to induce muscle 
atrophy). Human trials have commonly examined the effects of heat before or after eccentric exercise, 
exercise tasks on single or multiple days, and during long-term training. Within these studies, 
outcomes have included molecular mechanisms, exercise performance, adaptation and recovery. 
Equipment 
A variety of equipment has been used for heat therapy, including microwave diathermy [15], 
environmental chambers [65], heat and steam generating sheets [66], heat pads [56], thermal 
blankets[52], and warm/hot water immersion [67]. Any reported benefits of heat treatment are not 
limited to one form of these modes of therapy. Various different types of heat therapy equipment 
(such as microwave diathermy [15], HWI [11] and ultrasound [68]) increase muscle temperature 
30 
 
 
(microwave diathermy: ~7°C [15], HWI: ~3°C [11] and ultrasound: ~1.8°C [68]), which may be a 
key factor in eliciting the benefits from heat treatment. However, no studies have compared different 
heat treatments on the same participants using the same outcomes measures. Some forms of heat 
therapy may be more practical than others in the real-world setting. For example, in elite sport 
following an interstate or international event, hot water baths may be more accessible). Nevertheless, 
some of the benefits derived from heat therapy may be specific to the heating modality used. 
Therefore, future research is recommended comparing different modalities of heat therapy of 
performance and recovery outcomes (i.e., next day performance, soreness, range of motion). 
Timing 
Although the most common time for recovery is post-exercise/post-game, heat treatment research 
has also evaluated the effects of applying heat before (pre-heating) or applied during activity or 
muscle injury. 
 
Pre-Heating 
Research to date has demonstrated contrasting effects of pre-heating, showing improvements [15, 
16, 65, 69], no change [70-72] and potential negative outcomes [56] in exercise performance and 
recovery. Details of these studies are summarised in Table 1.1. 
 
Animal Studies. Contrasting results exist from animal studies investigating pre-heating. 
Touchberry et al. [16], immersed the lower body of rats in hot water (43°C) before an exercise bout 
(downhill running) to induce muscle damage. Plasma creatine kinase activity 2 h post-exercise and 
mononuclear cell numbers in muscle at 48 h post-exercise were lower in the pre-heated rats compared 
with the control group. Total muscle protein content and the expression of myosin heavy chain neo 
(a marker of muscle regeneration) were higher in the heat-treated group post-exercise. This suggests 
a positive effect of heat therapy on markers of muscle damage (perhaps through the effects of HSPs) 
whilst promoting muscle growth (as seen in post-heating research). 
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Table 1.1: Summary of pre-heating studies 
Pre-heating: Animal 
Reference Heating method Stress/exercise 
Advantages for heat 
group/s 
Disadvantages for heat 
group/s 
Measures not 
affected by heat 
Garramone et al. 
[73] 
HWI, core temperature 
maintained at 42.5°C for 20 
mins, 12 h before ischemia. 
Ischemia of the lower 
limb for 90 mins. 
Increased creatine phosphate 
in heat group vs. control. 
N/A 
Adenosine 
triphosphate 
Touchberry et al. 
[74] 
HWI, 43°C, core temperature 
maintained 41-41.5°C, 20 
min, 48 h before exercise. 
Downhill running, 5 min 
bouts, 2 min rest (90 min 
total). 
Lower CK at 2 h post. 
Increased expression of 
MHC neo at 2 and 48 h post-
exercise. Increased muscle 
protein content at 48 h. 
Less immune cell 
infiltration at 48 h 
compared to exercise only 
group. 
Cell swelling, p-JNK 
compared to exercise 
only group. 
Naito et al. [75] 
EC, 41°C, 60 min, 6 h before 
hind limb suspension. 
Hind limb suspension for 
8 d. 
Less muscle loss compared 
to control group. Higher total 
myofibrillar and soluble 
protein content than control. 
 N/A N/A 
Kojima et al. [18] 
EC, 41°C, 60 min, 24 h 
before stress. 
Injection of cardiotoxin 
(venom from Chinese 
cobra) to stimulate 
muscle necrosis-
regeneration cycle. 
Non-significantly higher 
protein content in heat-
treated and saline injected 
rats vs. control (no 
heat/stress). Increased 
protein content in heated and 
stressed rats vs. stressed 
only. 
N/A 
Muscle wet weights, 
muscle water content 
for heat and saline 
group. 
Uehara et al. [76] 
EC, 41°C, 60 min before 
soleus removal at 1, 7 and 14 
d post heating 
N/A 
Greater muscle mass to 
weight ratio, increased cell 
proliferation and 
phosphorylation of p70S6K 
compared to control. 
N/A  N/A 
Frier and Locke 
[56] 
HP, maintain core temp 
maintained 42°C for 15 min, 
24 h before gastrocnemius 
removal to include overload 
Overload via removal of 
gastrocnemius in one leg. 
 N/A 
Less increase in total 
muscle protein (plantaris) 
and less expression of 
type I MHC protein. 
N/A 
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Pre-heating: Human 
Iguchi and Shields 
[65] 
EC, 73°C, 30 min before 
exercise 
Fatigue task of elbow 
flexors. 
Greater muscle relaxation rate 
following MVC. 
N/A 
Baseline MVC, active 
motor threshold before 
task. EMG activity of 
biceps brachii short 
head and long head, 
brachioradialis and 
triceps brachii, motor 
evoked potential, 
during task. 
Khamwong et al. 
[77] 
HoP, stored in 75°C water 
for 2 h, 20 min, exercise 
completed 5 min after. 
Eccentric contractions of 
wrist extensors. 5 sets, 
60 reps, 1 min between 
sets. 
Less deficit in pressure pain 
threshold for whole study 
period, at muscle origin site at 
2 d and muscle site at 3 d. 
Less deficit in passive flexion 
ROM, passive extension 
ROM and active extension 
over whole study period and 
passive flexion ROM d 1-8 
passive extension ROM d 2-3 
and active extension on d 1-4.  
N/A 
Torque during task, 
work, muscle soreness, 
pain scales, cold 
thermal pain threshold, 
grip and wrist extensor 
strength. 
Khamwong et al. 
[78] 
Sauna, seated, 76.6-82.2°C, 
15-30% humidity for 15 min. 
Competed prior to exercise. 
Eccentric contractions of 
wrist extensors. 5 sets, 
60 reps, 1 min between 
sets. 
Less deficit in passive flexion 
ROM d 1-7 post exercise. 
Less deficit in passive 
extension ROM 1-2 d post-ex. 
Less deficit in grip strength 
(1-2 d) and wrist extensor 
strength (1-3 d). 
N/A N/A 
Skurvydas et al. 
[11] 
HWI 44°C, 45 min, waist 
high, immediately before 
post-warming testing 
(followed by exercise task). 
Drop jumps into 
maximal jumps. 3 sets of 
10, 40 and 50 reps. Drop 
height of 0.5 m followed 
by 90° knee angle into 
maximal jump. 
Increased jump height (% 
change from baseline) after 
1st set and less % change at 
48 hrs post-exercise compared 
to control. Less deficit in 
MVC at 48 hrs post-exercise. 
Smaller increase in P100 long 
muscle length to short muscle 
length ratio after 2nd and 3rd 
sets. Less CK and soreness at 
24 and 48 hrs post exercise. 
N/A 
Pre-exercise values for 
MVC and force elicited 
from stimulation, jump 
height.Post-exercise 
values for low-
frequency fatigue and 
fatigue ratio. 
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Vardiman et al. 
[62] 
MD, 40 min, 24 h before 
exercise task. 
Eccentric leg extensions 
at 120% of concentric 
contraction 1-RM 
(measured immediately 
before exercise task). 7 
sets, 10 reps, 2 min rest 
between sets. 
Lower IL-6 levels from 
baseline to 72 h (control 
group no difference). TNF-α 
did not significantly change in 
heat group (whereas 
significant increase in control 
group). 
N/A 1-RM, CK, 
Evans et al. [3] 
MD, 10 min before eccentric 
exercise. Low heat group and 
high heat group. 
50 maximal eccentric 
contractions of elbow 
flexors. 
Less swelling in low-heat 
group vs. active recovery. 
Less swelling and muscle 
soreness for high heat group 
vs. active recovery. 
Lower range of motion 
for low-heat group at 
most time points for 
all groups. 
CK, strength,  
Saga et al. [69] 
MD, 150 W, 20 min, 24 h 
before eccentric exercise. 
24 maximal isokinetic 
contractions of elbow 
flexors. 
Greater MVC and ROM 
following eccentric exercise. 
N/A 
Arm circumference, 
CK, muscle soreness. 
Nosaka et al. [15] 
MD, 150 W, 20 min, 16-20 h 
before eccentric exercise. 
24 maximal eccentric 
contractions of elbow 
flexors. 
Less muscle soreness and 
smaller loss of ROM, 
increased recovery of MVC. 
N/A 
Pre-task MVC and 
ROM, Force during 
exercise. Arm 
circumference. CK, 
myoglobin. 
Nosaka et al. [70] 
MD, 100 W, 10 min, within 
3 min before eccentric 
exercise. 
12 maximal eccentric 
actions of the elbow 
flexors. 
N/A 
Smaller relaxed arm 
angle. Greater change 
in flexed angle. 
Change in ROM larger 
than control and icing 
group. 
Force during exercise. 
Isometric strength, arm 
circumference, muscle 
soreness, CK. 
Castellani et al. 
[79] 
MD, 100 W, 15 min. 
Immediately before eccentric 
exercise. Also, applied for 2 
min between exercise sets. 
Eccentric contraction of 
elbow flexors. 2 sets, 24 
reps, 2 mins between 
sets. 
Increased HSP70 at 120 h 
post-exercise. 
N/A 
MVC, muscle soreness, 
ROM, arm 
circumference, CK, 
myoglobin, liver 
enzymes, IL-1β, -6, 10. 
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Symons et al. [68] 
Ultrasound, 10 min, 
frequency 1 MHz, intensity 
1.5 W per cm2. Conducted 
before baseline strength 
measures (which then was 
followed by exercise task). 
Eccentric contraction of 
elbow flexors. 50 reps. 
N/A N/A 
Muscle soreness, arm 
circumference, ROM, 
isometric strength, 
isokinetic strength. 
CK: creatine kinase, EC: environmental chamber, EMG: electromyography, HoP: hot pack, HP: heat pad, HSP70: heat shock protein 70, HWI: hot water immersion, 
IL-6: interleukin-6, MD: microwave diathermy, MHC: myosin heavy chain, MHz: megahertz, MVC: maximal voluntary contraction, N/A: not applicable, P100: 
muscle contraction force when stimulated at 100 hertz, p-JNK: phosphorylated c-Jun N-terminal kinase, reps: repetitions, ROM: range of motion, TNF-α: tumor 
necrosis factor-alpha, W: watts, 1-RM:1 repetition maximum. 
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Pre-heating is commonly applied in animal studies by placing the animals in an environmental 
chamber at 40°C for up to 60 min. Naito et al. [75] pre-heated rats 6 h before 8 d of hind limb 
suspension. Pre-heated rats demonstrated less muscle loss, and higher soluble protein content 
compared with a non-heated control group suggesting positive preconditioning effects elicited from 
the heat therapy. Kojima et al. [18] pre-heated rats 24 h before the rats were injected with a cardiotoxin 
(to induce muscle necrosis-regeneration) or saline (control group). Muscle protein content in pre-
heated and cardiotoxin-treated rats was significantly higher than in non-heated rats at 28 d post-injury. 
More Pax7+ satellite cells were present in muscle 3 d post-injection from rats pre-heated and injected 
with saline or cardiotoxin compared with the non-heated rats injected with saline. Uehara et al. [76] 
placed rats in an environmental chamber before removing their soleus muscles at 1, 7, and 14 d after 
heating to determine molecular effects. Muscle mass (relative to body mass) at 7 d (after heating had 
taken place), cell proliferation and phosphorylation of p70S6 protein kinase at 1 d after heating were 
all greater compared with non-heated rats. Muscle dry weight was also significantly enhanced at 14 
d compared to the non-heat group 
 
In contrast to these findings, Frier and Locke [56] demonstrated negative effects from pre-heating. 
The authors subjected rats to heat stress (heat pad, core temp maintained at 42°C, 15 min) before 
removing the gastrocnemius muscle in one leg 24 h later. Heat-treated rats showed a smaller increase 
in total muscle protein and reduced expression of type I MHC protein at 3, 5 and 7 d after the 
gastrocnemius muscle was removed, compared with non-heat-treated controls. These contrasting 
findings is surprising given other preconditioning heat therapy research but may result from different 
heating methods. For example, the use of a heat pad may not have been sufficiently intense to generate 
a positive effect. In Yoshihara et al. [30], mTOR phosphorylation in the soleus muscle in rats 
following immersion in 37, 38, 39 or 40°C water was less than the control group who were not 
exposed to water. Whilst these differences were not significant, this may indicate that a heat therapy 
not sufficiently intense, may produce negative effects. Additionally, different study designs (e.g. 
synergist ablation method used by Frier and Locke [56] versus hind limb suspension [75]) may also 
have contributed to the differences in results. 
 
Human Studies. Human heat therapy trials have also reported contrasting effects of pre-heating. 
Iguchi et al. [65] found that exposure to extreme heat (73C) in an environmental chamber increased 
muscle relaxation rate following maximal voluntary contraction in physically active people, 
compared with a 23°C exposure in the control group. Khamwong et al. found beneficial effects when 
participants applied hot packs [77] or entered a sauna [78] before eccentric exercise. Specifically, 
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sauna and hot pack use both significantly reduced the loss in range of motion of the wrist. Hot packs 
also reduced the deficit in pain threshold, while sauna reduced the deficit in grip strength, compared 
to the control group (no treatment). Skurvydas et al. [11] had subjects complete HWI (44°C, 45 min) 
before three sets of drop jumps, and found an increase in jump height and smaller decrease in jump 
height 48 h post-exercise compared with when participants were not immersed in hot water. Heat 
treatment also resulted in a smaller deficit in maximal voluntary contraction for knee extension (knee 
kept at 90°), and lower creatine kinase activity and ratings of muscle soreness at 24 and 48 h post-
exercise. 
 
A commonly used heating modality in human studies is microwave diathermy. This technique 
involves applying heat to a region of the body, eliciting an increase in deep tissue temperature without 
burning the skin. This allows targeted heating to occur and removes compounding factors that exist 
within other modalities (such as hydrostatic effects in HWI). Vardiman et al. [62] observed that 
microwave diathermy (40 min, 24 h before eccentric knee extension exercise, power level set to 35 
out of 100 units (specific W not stated)) significantly reduced muscle IL-6 protein content compared 
with the control group. Microwave diathermy also helped to maintain muscle TNF-α protein content 
for 72 h post-exercise, whereas TNF-α increased in the control group).  
 
Evans et al. [3] compared active warm-ups to low- and high-heat microwave diathermy treatments 
before eccentric exercise. The control group completed a high-heat passive warm-up alone. The low-
heat and eccentric exercise group had less biceps brachii proximal swelling at the muscle belly 24 
and 28 h post-exercise compared with the active warm-up with eccentric exercise group. However, 
loss of range of motion during elbow flexion was greatest in this group. Subjects treated with high 
heat before eccentric exercise showed less swelling and reported less muscle soreness (biceps brachii 
region) at 24 and 48 h after completing eccentric exercise compared with the active warm-up group. 
Caution should be applied when interpreting these data, owing to the smaller sample size (n=4) in the 
high-heat group compared with the low-heat group (n=10).  
 
Saga et al. [69] found that microwave diathermy (150 W, 20 min) of one arm 24 h before eccentric 
exercise resulted in higher maximal voluntary contraction and range of motion immediately post-
exercise, compared with the unheated, contralateral arm. Nosaka et al. [15] used a similar microwave 
diathermy protocol to Saga et al. [69] (150 W, 20 min, 16−20 h before eccentric exercise of the arms). 
Their results also showed that post-exercise muscle soreness was reduced, changes in elbow range of 
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motion were smaller, and recovery of maximal voluntary contraction was faster in the heated arm 
compared with the non-heated, contralateral, control arm.  
 
In contrast to these beneficial results, other studies have reported no changes (and some 
detrimental effects) in response to pre-heating. Nosaka et al. [70] applied microwave diathermy 3 min 
before eccentric exercise of the forearms. Heat did not significantly improve performance or markers 
of recovery (including muscle soreness and plasma creatine kinase activity). The treatment also 
resulted in reduced elbow range of motion after exercise. Castellani et al. [79] applied microwave 
diathermy (100 W, 15 min) immediately before eccentric exercise of the elbow flexors and found no 
effect on indicators of recovery muscle damage, including maximal voluntary contraction, elbow 
range of motion, and creatine kinase. The only beneficial finding was increased plasma HSP70 
concentration at 120 h post-exercise for the heat group. Folland et al. [71] evaluated the effects of 
pre-exercise HWI on running variables including energy expenditure, ?̇?O2, and heart rate. They 
compared responses to HWI against thermoneutral water immersion (~34°C) and CWI (~21°C). HWI 
did not influence ?̇?O2 or energy expenditure, whereas it raised heart rate throughout a 10-min 
treadmill run (at 70% ?̇?O2 peak) compared with thermoneutral water immersion and CWI. 
 
Symons et al. [68] applied 10 min of ultrasound to biceps brachii immediately before baseline 
tests, and subsequent eccentric exercise of the elbow flexors. They also found no effects on biceps 
brachii soreness, isometric strength of the elbow flexors, and elbow range of motion. The authors did 
state that muscle temperature did not increase as expected (~1.8°C increase versus expected increase 
of ~3.5°C), which may have influenced the responses to heating. 
 
Different approaches to heating may account for some of these variable findings. For example, 
Nosaka et al. [15] expected treatment to raise muscle temperature to ~41°C, based on pilot work. 
However, in their 2004 study [70], heat treatment only raised muscle temperature to ~37.5°C. Nosaka 
et al. [15] also used microwave diathermy at 150 W for 20 min, with the probe of the diathermy unit 
placed 15 cm away from the mid-portion of the biceps brachii. This protocol differed from that used 
in their earlier study, which involved 100 W for 10 min duration, 5 cm away from the upper arm 
(specific location not stated) [70]. Castellani [79] also used microwave diathermy at 100 W for 10 
min immediately before eccentric exercise and found no effect on markers of muscle damage. 
Compared with pre-heating at 150 W [15], pre-heating at 100 W caused a greater increase in muscle 
temperature (increase of ~7°C after 150 W treatment versus ~3.5°C after 100 W treatment), which 
may have contributed to the greater benefits [70]. In addition, Nosaka et al. [15] heated muscle ~19 
38 
 
 
h before exercise, while Saga et al. [69] heated muscle 24 h before exercise, and Nosaka et al. [70] 
heated muscle immediately before exercise. There were greater benefits of heating 19 to 24 h before 
eccentric exercise [15, 69] compared with heating immediately before eccentric exercise [70, 79]. 
Therefore, to generate any benefit, pre-heating may need to occur >16 h before resistance exercise 
(to induce a HSP response), and result in a high core and/or muscle temperature to elicit a beneficial 
effect. 
 
Post-Heating 
As in the pre-heating literature, both animals and humans have also been treated to post-heating, 
using several different heating methods. Table 1.2 highlights the post-heating literature.
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Table 1.2: Summary of post-heating studies 
Post-heating: Animal 
Reference Heating method Stress/exercise 
Advantages for heat 
group/s 
Disadvantages for heat 
group/s 
Measures not 
affected by heat 
Takeuchi et al. [17] 
HWI (in a plastic bag), 42°C, 
20 min, 5 min after injury. 
Crush injury induced to 
muscle belly. 
Greater size and number of 
muscle fibres vs. control. 
Faster induction of 
macrophage infiltration, 
increased expression of 
growth factors and 
proliferation of Pax-7+ 
satellite cells. 
N/A N/A 
Shibaguchi et al. 
[80] 
HWI, 42°C, 30 min, starting 
2 d post-injury and every 
other day afterwards for 14 
d. 
Injection of bupivacaine 
into muscle belly. 
Increased recovery of 
muscle weight (relative to 
body weight) and total and 
myofibrillar protein 
content, muscle fibre size, 
HSP72. Less deposition of 
collagen. Increased 
expression of Pax-7+ 
satellite cells. 
N/A 
Transforming 
growth factor-β. 
Kojima et al. [18] 
 EC, 41°C, 60 min, 
immediately after stress. 
Injection of cardiotoxin 
(venom from Chinese 
cobra) to stimulate 
muscle necrosis-
regeneration cycle. 
 Increased protein content 
for heat and saline rats 
compared to saline only 
controls. Increased Pax-7+ 
satellite cells in heated rats 
vs. control. Increased 
HSP72 in heated controls 
vs. saline only controls, 
and heated post-
cardiotoxin injection vs. 
cadiotoxin only controls. 
N/A 
Muscle water 
content for heat 
and saline group. 
Selsby et al. [81] 
TB, maintain core 
temperature 41-41.5°C for 30 
min, after stress and every 48 
h after for 7d. 
6 d of immobilization of 
hind limbs followed by 7 
d reloading phase  
Greater muscle mass 
during reloading phase 
N/A N/A 
Post-heating; Human 
Clarke [82] 
HWI, 46°C, 10 min, 
following exercise. 
1 maximal handgrip 
contraction for 2 min 
Greater force output at 2 
min test vs. cold 
N/A N/A 
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Mayer et al. [83] 
1. Heat wrap applied for 8 h 
at 18 and 32 h post-exercise 
task. 2. Heat wrap applied 4 
h before exercise and worn 
for 8 h total (including 
during exercise).  
2 sets, 25 reps at 100% 
peak isometric lumber 
extension strength. 2 min 
rest between sets. 
1. At 24 hrs post exercise, 
pain relief score better 
than cold pack group. 
Higher satisfaction with 
outcome for heat group 
than cold pack group. 2. 
Less pain and less change 
in self-reported physical 
function and self-reported 
disability vs. control. 
N/A 1. N/A 2. N/A. 
Viitasalo et al. [84] 
Warm water immersion, 
~37°C, 20 min, 20-30 min 
after training session. 
3 d training week. 
Smaller decrease in jump 
power, slowed increase in 
contact time for 5 
successive jumps. 
N/A 
5-leaps, CK, 
carbonic 
anhydrase III, 
urine creatinine 
and urea, muscle 
soreness. 
Kuligowski et al. 
[85] 
WP, 38.9°C, 24 min, 
immediately after and 24, 48 
and 72 h post exercise. 
5 sets, 10 reps of 
eccentric exercise of 
elbow flexors. 
Greater recovery of 
relaxed elbow flexion 
angle. 
N/A 
Active elbow 
flexion, active 
elbow extension, 
MVC. 
Vaile et al. [67] 
HWI, 38°C, 14 min, whole 
body (excluding head and 
neck), immediately following 
exercise, and every 24 h up 
to 72 h. 
7 sets x 10 reps of 
eccentric contractions of 
leg press (5 sets 120% 1-
RM, 2 sets 100%). 
Smaller decrease in 
isometric squat 
performance at 24, 48 and 
72 h vs. control. Reduction 
in CK at 48 h vs. control. 
Lower jump squat power 
compared to baseline at 72 
h. 
Peak power, thigh 
circumference 
compared to 
control, 
myoglobin, IL-6, 
lactate 
dehydrogenase. 
Jayaraman et al. 
[86] 
1. HP, 41°C, 2 h, covering 
quadriceps muscle belly. 
Application start at 36 h post 
exercise, applied every 24 h 
until participant soreness 
subsided. 2. Heating (as 
described) + stretching 
protocol. 
Eccentric knee 
extension. Average of 6-
8 sets x 5-10 reps. Load 
started at 100% MVC 
and reduced until load 
was below 50% (load 
reduced each time 
participant could not 
achieve 5 reps in 
controlled manner). 
N/A N/A 
Muscle soreness, 
recovery of 
strength and 
muscle T2 
relaxation time. 
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Petrofsky et al. [87] 
Dry (DHW) or moist 
(MHW) HW applied either 
immediately after exercise 
(DHW-IM/MHW-IM) or 24 
h after exercise (DHW-
24/MHW-24). Applied to the 
quadriceps for 8 h for DRW 
or for 2 h for MHW, 
3 sets of continuous body 
weight squats lasting for 
5 mins. 
DHW-IM: increased 
strength compared to 
control at 24, 48 and 72 h, 
reduced pain compared to 
control at 24, 48 and 72 h 
and reduced hysteresis 
compared to control at 48 
and 72 h. DHW-24: 
reduced hysteresis 
compared to control at 48 
and 72 h. MHW-IM: 
increased strength 
compared to control at 24, 
48 and 72 h, reduced pain 
compared to control at 24, 
48 and 72 h and reduced 
hysteresis compared to 
control at 48 and 72 h. 
MHW-24: reduced 
hysteresis compared to 
control at 48 and 72 h. 
N/A 
Force to move leg, 
pain for DHW-24 
and MHW-24. 
Petrofksy et al. [88] 
HW applied either 
immediately after exercise 
(HW-IM) or 24 h post-
exercise (HW-24) to the 
quadriceps for 8 h. 
3 sets of continuous body 
weight squats lasting for 
5 mins. 
HW-IM: increased MVC 
strength compared to 
control group at 24 h and 
no difference in strength 
compared to baseline from 
48 and 72 h, attenuated 
increases in myoglobin at 
48 h, reduced hysteresis 
compared to control. At 48 
and 72 h. HW-24: faster 
recovery of strength than 
control group, reduced 
hysteresis compared to 
control at 48 and 72 h.  
N/A Pain scale. 
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Petrofsky et al. [89] 
HW applied either 
immediately after exercise 
(HW-IM) or 24 h post-
exercise (HW-24) to the 
quadriceps for 8 h. 
3 sets of continuous body 
weight squats lasting for 
5 mins. 
HW-IM: attenuated loss in 
MVC strength at 24, 48 
and 72 h, reduced pain 
scale score compared to 
HW-24 and control groups 
at 24 h, reduced general 
pain at 24 h compared to 
HW-24 and control groups 
at 24 and 48 h, improved 
pain-free ROM at 24 h 
compared to HW-24 and 
control, reduced hysteresis 
compared to control at 28 
and 72 h and attenuated 
increases in myoglobin at 
48 h. HW-24: no 
difference in pain-free 
ROM compared to 
baseline at 48 h, reduced 
force required to move leg 
at 48 h compared to 24 h 
and reduced hysteresis 
compared to control at 48 
and 72 h. 
N/A 
Strength, pain 
scale for HW-24 
CK: creatine kinase, CMJ: counter movement jump, DHW: dry heat wrap, DWW-IM: dry heat wrap applied immediately after exercise, DHW-24: dry heat 
wrap applied 24 h after exercise, EC: environmental chamber, HP: heat pad, HR: heart rate, HSP: heat shock protein, HWI: hot water immersion, HW: heat 
wrap, HW-IM: heat wrap applied immediately after exercise, HW-24: heat wrap applied 24 h after exercise, IL-6: interleukin-6, MHW: moist hea wra[, MHW-
IM: moist heat wrap applied immediately after exercise, MHW-24: moist heat wrap applied 24 h after exercise. MVC: maximal voluntary contraction, N/A: 
not applicable, PAS: passive recovery, reps: repetitions, TB: thermal blanket, WP: whirlpool, 1-RM: 1 repetition maximum. 
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Animal Studies. An extensive amount of research exists on the effects of heating after exercise or 
injury. Takeuchi et al. [17] induced a crush injury in muscle of rats before 20 min of heating (42°C 
water in a plastic bag) was applied to the injured site. Muscle inflammation and regeneration were 
examined over 28 d post-injury. Heat treatment increased the rate of macrophage infiltration, 
expression of IGF-1, and proliferation of Pax-7+ satellite cells compared with non-heated control 
rats. These effects accompanied an increased number and size of regenerating muscle fibres at 2 d, 
and a reduced number of collagen fibres at 14 and 28 d. Shibaguchi et al. [80] injected rat hind limbs 
with bupivacaine to induce muscle injury. Rats treated with heat (HWI, 42°C, 30 min, 2 d after injury 
and on alternate days during 14 d recovery) had increased muscle mass, myofibrillar and total protein 
content, and muscle fibre size compared to an ice treatment and no treatment group. Heat also limited 
the deposition of collagen fibres, and increased Pax-7+ satellite cells compared with a group treated 
with ice.  
 
The study by Kojima et al. [18] described previously also investigated the effects of heating after 
cardiotoxin or saline injection. Post-injury heat treatment significantly increased whole muscle 
protein content in rats treated with saline compared with non-heated rats treated with saline, and 
heated rats treated with cardiotoxin at 28 d post-injury. Heated rats also had significantly higher 
numbers of Pax-7+ satellite cells compared with control rats 3 d post-injury. Selsby et al. [81] used a 
thermal blanket to maintain core temperature of rats between 41−41.5°C for 30 min after 6 d of hind 
limb immobilisation, and during a 7-d limb reloading period. Heat treatment increased muscle mass 
after the reloading phase compared with no treatment.  
 
Human Studies. Although benefits have been reported for post-exercise/injury heat therapy in 
animal studies, research from human studies has found little or no benefit. Clarke [82] investigated 
the effects of 46°C HWI and 10°C CWI on the recovery of handgrip strength after a single 2 min 
maximal handgrip contraction. HWI increased handgrip force 2 min post-exercise, compared with 
CWI. However, there were no other significant differences between the groups. Mayer et al. [83] 
applied heat wraps for 8 h at 18 and 32 h after lumbar extensions (two sets, 25 reps, load of 100% 
peak isometric lumbar extension strength). The individuals treated with heat wraps reported greater 
pain relief at 24 h, and higher satisfaction ratings compared with those individuals who were treated 
with cold packs (control group). Another group of subjects applied heat wraps to the lumbar spine 
before, during and after the lumber extensions. Subjects applied the heat wrap ~4 h before the 
resistance exercise and wore it for 8 h. Heat treated subjects reported less pain, fewer changes in self-
reported physical function and disability compared with the control group at 24 h. 
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Several studies have examined the effects of HWI on recovery and exercise performance. HWI 
could be considered a more viable option in the “real-world” due to its widespread availability. 
Viitasalo et al. [84] examined the effects of HWI with underwater water-jet massage (36.7–37.2°C, 
20 min) on strength and power performance measures, and blood markers of muscle damage, such as 
myoglobin, creatine kinase and lactate dehydrogenase. Track and field athletes from a variety of 
disciplines completed HWI 20−30 min after five training sessions (strength training, jumping 
training, speed training and sport specific training) during a 3-d training week. HWI attenuated the 
decrease in jump power, and limited the increase in ground contact time from five successive rebound 
jumps, compared with no HWI. However, HWI did not influence markers of muscle damage or 
soreness. However, with the HWI protocol including the use of underwater water-jets, the effects of 
the protocol may be attributed to the massage effect from the water jets, and not the HWI itself.  
 
Various unilateral whirlpool temperature protocols were used by Kuligowski et al. [85] to examine 
the effects on the recovery of range of motion, muscle soreness and maximal voluntary isometric 
contraction after one bout of eccentric exercise of the elbow flexors. Whirlpool therapy was 
conducted immediately after, and 24, 48 and 72 h after exercise. Heat therapy at 38.9°C restored 
relaxed elbow flexion angle more rapidly compared with no treatment. However, there were 
significant effects on perceptions of muscle soreness, recovery of maximal voluntary contraction 
(MVC) force, active elbow flexion or active elbow extension. 
 
Vaile et al. [67] had participants complete a HWI protocol (38°C for 14 min, immersion of whole 
body excluding head and neck) immediately after, and every 24 h up to 72 h after an eccentric leg 
press protocol. HWI significantly attenuated the decrease in isometric squat force at 24, 48 and 72 h 
following an eccentric leg press protocol, and reduced plasma creatine kinase activity 48 h post-
exercise compared with passive recovery. However, HWI did not influence recovery of weighted 
squat jump performance, mid-thigh girth, or blood markers of muscle damage and inflammation. 
 
Other studies have evaluated other forms of heat therapy post resistance exercise. Petrofsky et al. 
has compared dry vs moist heat wraps [87], heat versus cold wraps [88]and heat wraps immediately 
after resistance exercise compared to heat wraps applied 24 h after exercise [89]. In each of these 
studies, participants complete 3 sets of continuous squats lasting for 5 min. In the dry vs. moist heat 
study [87] dry heat wraps applied immediately following exercise had increased strength compared 
to control at 24, 48 and 72 h. Moist heat wraps applied immediately following exercise had increased 
strength compared to control at 24, 48 and 72 h. in the heat versus cold wraps study [88], heat warps 
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immediately following resistance exercise increased MVC strength compared to control group at 24 
h, assisted the recovery of strength (i.e. no differences in strength compared to baseline from 48 and 
72 h and attenuated increases in myoglobin at 48 h. Heat wraps applied 24 h after resistance exercise 
lead to a faster recovery of strength than control group.  Finally in the cross-over design study 
evaluating heat immediately after resistance exercise compared to 24 h after exercise [89], heat wraps 
applied immediately after exercise attenuated the loss in MVC strength at 24, 48 and 72 h (i.e. no 
different from baseline), reduced general pain at 24 h compared to HW-24 and control groups at 24 
and 48 h, improved pain-free ROM at 24 h compared to HW-24 and control, and attenuated increases 
in myoglobin at 48 h. For heat wraps applied 24 h after exercise, force required to move leg at 48 h 
was reduced compared to 24 h. In summary, a substantial number of benefits were observed when 
heat therapy was applied immediately following resistance exercise. 
 
In contrast, Jayaraman et al. [86] had participants complete a single leg knee extension eccentric 
exercise program (involving completing sets to failure before reducing weight and repeating). The 
participants then underwent one of the following treatments: (1) application of a heat pad at 41°C for 
2 h; (2) a short warm-up of the treatment leg before completing six static stretches; (3) heat pad and 
stretching, or (4) no treatment control at the same time every day until muscle soreness had subsided. 
MRI imaging, isometric strength of the quadriceps, and pain were measured periodically over the 
days post-exercise. No differences existed in muscle soreness, recovery of strength and T2 relaxation 
times (as an indication of oedema) between conditions.  
 
With the varied exercise protocols used to date, evaluating the effects of post-exercise heat therapy 
in humans is challenging. In most studies, HWI temperature has been in the range of 36−39°C (one 
study using 46°C [82]) immersion time has varied from 10–24 min. Exercise protocols have included 
eccentric exercise [67, 85], intermittent activity [22] or consecutive days training [84, 90] This 
variability makes it difficult to compare studies and arrive at any definitive conclusions about the 
potential benefits of heat therapy after exercise or injury. However, some consensus exists that HWI 
does not attenuate markers of muscle damage. Viitasalo et al. [84] and Vaile et al. [67] both showed 
no benefit of HWI on circulating creatine kinase or lactate dehydrogenase concentrations 24 hours 
post exercise. Vaile et al. [67] did find a reduction in plasma creatine kinase activity at 48 h in the 
HWI condition. By contrast, Viitasalo et al. [84] did not observe any such effect. Substantial 
differences between the exercise models used by Vaile et al. [67] and Viitasalo et al. [84] make it 
difficult to determine whether HWI may benefit creatine kinase responses ≥48 h post exercise. 
Although the results of these studies are valid, an increase in markers of muscle damage may not 
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necessarily imply a loss in muscle function. As Vaile et al. [67] showed, HWI attenuated the loss in 
isometric squat performance, and reduced plasma creatine kinase activity, but it did not improve 
recovery of weighted jump squat performance. Therefore, when examining the effect of heat on 
markers of muscle damage, care should be taken to assess a wide range of markers. 
 
In summary, post-exercise/injury heat therapy has shown some significant beneficial effects in 
animal models, but these effects are not consistently apparent in human trials. Animal models have 
usually evaluated the effects of heat therapy over a longer period of time (e.g. 2 - 28 d) using 
molecular focussed studies whereas human trials are usually focussed on acute recovery (up to 3 d). 
This may contribute to the disparity in results seen between animal and human models. Systematic 
human trials are required, comparing water temperatures, types of exercise protocols, and timing of 
HWI application to determine the most beneficial recovery protocol. 
 
Heat during Activity/Non-Activity 
A paucity of research has investigated the effects of passive heat application during exercise or 
muscle stress. Despite this, benefits have been reported, as described in detail in Table 1.3.
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Table 1.3: Review of heating applied during stress  
During: Animal 
Reference Heating method Stress/exercise 
Advantages for heat 
group/s 
Disadvantages for heat 
group/s 
Measures not 
affected by heat 
Morimoto et al. 
[91] 
HWI, 42°C, 60 mins, hind 
limbs immersed, once every 
3 d for 2 wk. 
Dexamethasone (injected 6 d 
/ wk for 2 wk. 
Attenuation in fibre 
diameter and 
suppression of genes 
associated with 
atrophy vs. 
dexamethasone only 
group. 
N/A VEGF mRNA. 
Selsby and Dodd 
[52] 
TB, maintain core 
temperature 41-41.5°C for 30 
min, 24 h before and on 
alternate days during stress. 
Hind limb immobilization 
for 8 d. 
Less muscle atrophy 
and oxidative damage 
vs. no treatment. 
N/A N/A 
During: Human 
Goto et al. [33] 
HSS, 30 min before and 
during 30 min of exercise. 
Applied to non-dominant 
arm (contralateral arm served 
as control). 
3 sets x 30 reps of elbow 
flexion and extension, light 
intensity, 4 d/wk for 10 wk 
Greater flexion torque 
of heat treated arm. 
Greater biceps brachii 
muscle mass in heated 
arm. 
 N/A 
Arm extension 
torque. 
Goto et al. [34] 
HSS, quadriceps of random 
leg, 8h/day, 4d/wk. 
Worn during normal activity. 
(Time of day for heating not 
stated) 
Greater isometric 
knee extension force 
in heated leg. 
Increased CSA in VL, 
RF and fibre CSA in 
VL in heated leg. 
 N/A N/A 
Stadnyk et al. [92] 
HP, thigh of random leg, 
during and 20 mins after 
resistance training session. 
Concentric and eccentric 
contractions of knee 
extensors. 4 sets x 8 reps at 
intensity of 70% of 1-RM. 2-
3 d/wk for 12 wk  
N/A N/A 
Knee peak concentric 
extension torque, 
mean concentric knee 
extension torque, rate 
of torque 
development, 3-RM, 
torque / kg of thigh 
muscle mass. 
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Casadio et al. [93] 
Heated room, (~30°C) during 
exercise session (~70-85 
mins) 
3 sets at 85-90% 1RM (and 
3-4 incremental warm up 
sets from 50-75% 1RM) of 
power cleans, parallel back 
squars, vertical jumps, bench 
press and seated medicine 
Increased CMJ peak 
power in females 
following exercise 
session in HR. Plasma 
hGH concentration 
increased in both 
males and females 
following exercise 
session in HR. 
Vertical jump in females. 
Training load (kg), 
training load session 
RPE, session RPE, 
session quality. For 
males: CMJ-PP, 
CMJ-FT, IMTP-PF. 
CSA: cross-sectional area, CMJ: counter-movement jump, CMJ-PP: countermovement jump peak power, CMJ-FT countermovement jump flight time, hGH: human 
growth hormone, HP: heat pad, HSS: heat and steam sheet, IMTP-PF: isometric mid-thigh pull peak force, mRNA: messenger ribonucleic acids N/A: not applicable, 
RF: rectus femoris, reps: repetitions, RPE: rating of perceived exertion, TB: thermal blanket, VEGF: vascular endothelial growth factor, VL: vastus lateralis, W: 
watts, 1-RM: 1 repetition maximum. 
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In an animal model, Selsby et al. [52] applied heat during rat hind limb immobilization. A thermal 
blanket was used to maintain core temperature at 41−41.5°C for 30 min, 24 h before immobilization, 
and on alternate days during immobilization. Heat treatment attenuated muscle atrophy (as measured 
by soleus mass) and oxidative damage (measured by 4-hydroxy-2-nonenol and nitrotyrosine).  
 
Casadio et al. [93] had both male and female participants complete a strength and power focussed, 
resistance exercise session in a hot room (~30°C) and in a temperate room (~20°C) (control 
condition). Counter-movement jump peak power for the female participants was significantly 
increased following exercise in the hot condition, compared to the control condition. Additionally, 
both male and female participants shown an increase in plasma human growth hormone concentration 
following the hot condition compared to the control condition. 
 
Goto et al. has examined the effects of heating during training and the use of heating during day-
to-day activity in humans. In their training study [33], they found increases in muscle cross-sectional 
area and strength when heating (heat and steam sheets, 30 min before and during the 30 min resistance 
exercise sessions) was applied during a 10-wk low-intensity training program. Although the heating 
was applied during the resistance exercise in this study, heat was also applied before the resistance 
exercise commenced, thus making it difficult to determine if the results of the study were due to the 
heating before or during the exercise. The arm selected for heating was also the non-dominant arm in 
all participants, which may have promoted greater gains in muscle mass and strength (independently 
of heating). In their other study [34], participants applied heat (heat and steam sheets, upper leg, 8 h 
per day) for 10 weeks. One leg was randomly chosen to receive the treatment, with the contralateral 
leg serving as control. Heat treatment increased cross-sectional area of the vastus lateralis, rectus 
femoris and quadriceps (taken as a whole) and increased maximum isometric torque. Although the 
participants were instructed not to complete exercise during the 10-wk period, the differences in daily 
activities during the times when heating was applied (or when it was not) may have influenced the 
results. 
 
However, in comparison to the studies by Goto et al. [33, 34], Stadnyk et al. [92] found no benefit 
of heat. Untrained participants completed 30 sessions of resistance exercise over 12 weeks (2-3 
sessions/wk). Participants completed 4 sets of 8 repetitions at a weight equal to 70% 1-RM, with both 
concentric and eccentric contractions of knee extensors completed in each session. Heat pads (that 
increased muscle temperature to 38°C) were applied during and 20 min after each session to a 
randomly selected leg with the contralateral leg acting as the control. Whilst both legs significantly 
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increased muscle mass, peak and mean concentric torque, peak rate of force development and 3-RM 
knee extension, there were no significant differences between the heated and control legs. 
Considering heat was applied during and after the resistance exercise session in the current study, 
compared to before and during the exercise session in Goto et al. [33], this may be a key variable to 
induce the potential beneficial effects of heating on exercise induced adaptations.  
 
Further research is needed in this area, with more tightly controlled studies to understand the 
potential of using heat during exercise, to improve performance, adaptation and/or assist with 
recovery, as the studies completed to date have some limitations.  
Considerations of Methods 
One commonly reported variable when using heat treatment is the change in body temperature. 
Although the various heat treatments can increase body temperature, variations in the methods of 
temperature assessment make it difficult to compare studies. For example, some studies reported that 
muscle temperature was measured at a depth below the skin surface, whereas others have reported 
the depth of temperature assessment into the muscle belly itself. Without reporting subcutaneous fat 
mass, making comparisons between studies utilising the same temperatures/intensity of heating is 
difficult. 
 
Additionally, human exercise trials often don’t report muscle temperatures during experimental 
sessions. Either temperature is not measured, or temperatures are estimated from pilot work or 
previous studies the authors have completed. The common reason for not measuring muscle 
temperature is that the invasive nature of this procedure may affect the participants’ ability to exercise. 
Although this is a genuine issue, it does make it more difficult to compare studies if (perhaps) the 
temperature of the muscle did not change as expected. For example, Symons et al. [68] used 
ultrasound to induce heating with a predicted increase in muscle temperature of ~3.5°C based upon 
other published work. However, the actual increase in muscle temperature was ~1.8°C, which could 
account for the absence of any differences identified between heat treatment and control trials. 
Measuring muscle temperature, if possible, is therefore a key aspect of understanding the 
physiological effects of heat therapy. 
 
Finally, the training status of the subjects of study (whether animal or human) must be considered 
in regard to potential outcomes of heat therapy research. HSPs may play a large role in eliciting the 
benefits of heat therapy by increasing in response to heat therapy and then proving their subsequent 
51 
 
 
effects. However, basal levels of HSPs have been to shown to increase in response to training [49-51, 
94], acute HSP responses can be attenuated in response to exercise in trained individuals [47, 50]. 
Therefore, the HSPs response might be attenuated in trained subjects in response to heat therapy 
which may affect results of any studies. Further, the differences in training status at the start of 
intervention may impact on measures of HSP response. Therefore ensuring that the participants are 
as homogenous as possible (in regards to training status) may assist in eliminating any confounding 
effects when evaluating the effects of heat therapy. 
Knowledge Gaps and a Rationale for HWI 
Various studies have sought to use HWI as a heat therapy tool, providing some indication of the 
benefits that HWI may produce.  These include benefits to performance, physical markers of recovery 
(such as changes in range of motion) and biochemical markers of recovery (e.g., creatine kinase). 
However, there have been differing methods used thus far in HWI research regarding immersion 
depth, time and temperature—all of which make it difficult to solidify a stance on whether HWI is 
useful heat therapy modality. Although the current results are mixed, there is still a rationale for HWI 
to be investigated, given what heat therapy research has demonstrated, and recent CWI literature. 
Of note is the use of higher temperatures to produce greater effects. Nosaka et al. [70] found no 
beneficial effects of 100W microwave diathermy treatment before an eccentric exercise task. By 
contrast, Nosaka et al. [15] found benefits to range of motion and maintenance of performance when 
150W microwave diathermy was applied ~19 h before the eccentric exercise task. The differences in 
when the heating was applied may have contributed to the benefits reported by Nosaka et al. [15]. 
Further, the differences could be due to a difference in wattage (150 W vs. 100 W) or the distance 
from the skin at which the diathermy probe was applied. To date, exercise studies using HWI as a 
recovery therapy have mostly used water below 40°C (with Clarke [82] using 46°C). Therefore, an 
increased range of benefits may be elicited from HWI when the temperature is increased. As 
discussed, Ogura et al. [57] noticed, an increase in HSP expression when muscle temperature was 
increased to ~40°C. Considering that HSPs are potentially a key factor for enhancing muscle 
recovery, increasing muscle temperature by using a higher HWI temperature may be an important 
factor in future HWI research. 
 
Regarding the use of HWI as a recovery strategy to enhance adaptations to exercise, animal 
models have demonstrated increases in proteins associated with hypertrophy. Studies by Takeuchi et 
al. [17] and Yoshihara et al. [30] demonstrated increased protein content of proteins associated with 
muscle growth from the addition of heat therapy alone (i.e. without exercise). Further, in humans, 
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heating elicited increased phosphorylation of proteins that are in the mTOR signalling pathway [32]. 
These results are promising, and the use of HWI to improve adaptations should be investigated. 
 
The use of HWI as a heating method does have several advantages of other heat therapy devices. 
First and foremost, accessibility is greater for HWI when compared with other heat therapies. Bath 
tubs and heated pools (at local swimming/fitness centres) would be more accessible than other heat 
therapies (i.e., microwave diathermy, sauna). This provides elite athletes greater access to heat 
therapy when travelling away from their home facilities. Whilst heat sheets have been used in the 
literature previously [34, 52] and may be more transportable than other heat methods, it still requires 
transportation, whereas access to hot water may be readily available. Secondly, the cost of HWI is 
significantly less than other heating modalities. Rather than buying expensive heating equipment 
(e.g., microwave diathermy), HWI is a cheaper alternative that members of the general public can 
afford. Finally, the time-cost benefit of HWI outweighs other heating methods. Microwave diathermy 
allows a small section of the body to be heated at any given time. The use of HWI allows for greater 
heating across most of the body at any given time. In the team sport environment, HWI also 
potentially allows for multiple athletes to complete this treatment at any given time (dependent on 
equipment). 
 
It should be noted that the use of HWI as a heat therapy method comes with a few considerations. 
HWI is a form of hydrotherapy and therefore potential beneficial effects from HWI may not stem 
from the heat. Rather, potential benefits could be induced from the hydrostatic effects induced by 
immersion (see Wilcock et al. [95] for a detailed review). Additionally, the use of HWI comes with 
its own risks. Given the amount of water required for immersion, drowning is a small but potential 
risk. Further syncope may occur given that the water is hot. However, other heat therapy methods 
come with their own risks, some similar to other heat methods (such as the risk of syncope from long-
term sauna use).  
 
HWI itself is a stressful stimulus and is known to induce an acute inflammation response. Yang 
et al. [55] reported increases in circulating IL-6 and TNFα at 4 h in rats following HWI. [61] reported 
a significant increase in circulating IL-6 immediately following HWI (39°C, 1 h, immersed to neck) 
compared to pre-HWI in sedentary, overweight males however this effect had dissipated by 2 h. This 
response of IL-6 following HWI was the same after a HWI intervention period involving 10 
immersions over 14 d. Whilst HWI may induce an acute stress response, this may in turn induce an 
acute HSP response which may assist with muscle recovery following exercise.Therefore, HWI is 
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still potentially a viable heat therapy method and the appropriate safety measures should be 
implemented. 
 
In summary, there are several knowledge gaps in the heat therapy literature. As discussed, 
previous heat therapy literature has examined the effects of HWI on acute recovery and subsequent 
performance. Although there have been a small number of beneficial effects, using water temperature 
of approximately 36-38°C may not be sufficiently hot enough to induce a significant increase in HSPs 
that may assist with recovery following exercise and help any subsequent performance. Therefore, 
the aim of Chapter 2 in this thesis was to investigate the use of post-exercise HWI on acute recovery 
and subsequent performance, with the temperature of the HWI set at ~45°C. 
 
Research has demonstrated the beneficial effects of combining heat therapy and resistance 
exercise to elicit improvements to resistance exercise-induced adaptations. However, HWI has yet to 
be investigated to determine whether it can induce a similar effect. Given the practical benefits of 
HWI over other heat therapy devices (described above), this warrants investigation. Therefore, the 
aim of Chapter 3 in this thesis was to determine whether 45°C HWI can induce similar positive 
outcomes on adaptations to resistance exercise that has been reported previously. 
 
Finally, at the molecular level, heat therapy elicits enhanced responses of protein and genes 
associated with muscle hypertrophy. However, only a small body of research exists, and of these 
studies, several have used with cell culture or animal models. Although this research is beneficial, it 
is important to evaluate whether these effects occur in human models, and whether HWI can induce 
these beneficial effects. Therefore, the aim of Chapter 4 in this thesis was to investigate the effect of 
HWI on the molecular markers of myogenesis, inflammation and HSPs in muscle after acute 
resistance exercise. 
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Chapter 2: The effects of post-exercise hot water immersion on recovery from 
resistance training, and subsequent performance  
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Introduction 
Optimizing recovery following exercise is important, because this can help an individual cope 
with the demands of training or performance, and help them prepare for the next training session or 
event. Recovery is a multi-factorial process that may involve active cool-down, stretching, massage, 
nutrition, and various strategies involving hydrotherapy and/or exposure to hot or cold temperature 
for example. Considerable attention has focused on the effects of CWI after exercise, whereas less is 
known about the effects of HWI with regards to recovery hydrotherapies. 
 
HWI research to date has examined post-exercise HWI and has produced mixed results. Vaile et 
al. [67] found that HWI (38°C, 14 min, whole body [excluding head and neck], immediately following 
exercise, and every 24 h up to 72 h) significantly enhanced recovery of isometric squat force at 24, 
48 and 72 h following an eccentric exercise task compared with passive recovery. However, HWI did 
not influence weighted squat jump performance. Viitasalo et al. [84] demonstrated attenuation in loss 
of jump power after the use of HWI (~37°C, 20 min, 20−30 min after training session.), but there was 
no effect on muscle soreness, plasma lactic dehydrogenase activity, or myoglobin concentrations. 
Kuligowski et al. [85] had participants complete a HWI protocol (38.9°C, 24 min, immediately after 
and 24, 48 and 72 h post exercise) following eccentric exercise. Although there were benefits of 
increased recovery of range of motion (specifically, relaxed elbow flexion angle), there was no effect 
on muscle soreness and recovery of MVC. Skurvydas et al. [11] had subjects complete HWI (44°C, 
45 min, waist deep) before three sets of drop jumps, and found an increase in jump height after the 
1st set, and reported a smaller decrease in jump height 48 h post-exercise compared with when 
participants were not immersed in hot water. Heat treatment also resulted in a smaller deficit 
(compared to baseline) in MVC for knee extension (knee kept at 90°), and lower creatine kinase 
activity, and ratings of muscle soreness at 24 and 48 h post-exercise. Collectively, these studies have 
shown some small benefits of post-exercise HWI. Although these studies included performance 
changes and basic markers of muscle damage, they did not investigate changes in muscle temperature. 
Increasing muscle temperature may be key to induce beneficial outcomes from HWI by eliciting 
increased expression of HSPs. 
 
HSPs are a group of proteins that have various functions including cell cytoprotection, cell 
signalling, and preventing protein denaturation [36, 38]. HSPs are upregulated during stressful 
periods to help protect cells against stress [36] and have been shown to be upregulated following 
resistance exercise [47-49] HSPs have also been reported to be upregulated following heat therapy 
and heat therapy in addition to exercise. Ogura et al. [57] found that several HSPs were upregulated 
in skeletal muscle 24 h after applying heat therapy (microwave diathermy). The heat therapy elicited 
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an intramuscular temperature of ~40 °C at the end of the treatment. Castellani et al. [79] found 
significantly increased plasma HSP70 at 120 h post-exercise when microwave diathermy (100 W, 15 
min) was applied immediately before eccentric exercise. Subsequently, HSPs may be upregulated by 
heat, with or without the addition of exercise. 
 
Some research has evaluated the inflammatory responses in muscle following stress, and heat. 
Takeuchi et al. [17] demonstrated a greater ED1+ macrophage response in rats treated with heat (42°C 
in a polyethylene bag, 20 min) following a muscle crush injury. At 12 h post-injury, ED1+ 
macrophages were observed inside degenerating muscle in the heat group, whereas in the non-treated 
group, the macrophages were found along the margins of the fibres, leading to a significant difference 
in the number of ED1+ macrophages at 1 d following injury. Selsby et al. [52] also demonstrated that 
heat treatment (thermal blanket, core temperature raised to 41°C for 30 min) reduced oxidative stress 
in rats undergoing an 8-d limb immobilization protocol. Although these results favour heat, this 
research was conducted in animal models and with an extended recovery phase; there is currently 
very limited human heat therapy research that examines the acute inflammatory response. Vardiman 
et al. [62] observed that microwave diathermy (40 min, 24 h before eccentric knee extension exercise) 
significantly reduced muscle IL-6 protein content compared with the control group. Heat also helped 
to limit accretion of muscle TNF-α protein content for 72 h post-exercise, whereas TNF-α increased 
in the control group. Further investigation is required into how heat therapy influences the acute post-
exercise inflammatory response. 
 
One plausible reason for the associated increase in the often-reported markers of muscle damage 
and inflammation after exercise is vasodilation. Skin arteriole vasodilatation occurs during heat stress 
to optimise heat removal [96], and although conflicting research exists, heating may potential increase 
blood flow in the muscle [97]. In turn, increased blood flow to the muscle may result in increased 
muscle damage markers moving from the muscle into the blood vessels, and subsequently this may 
contribute to the reported increase of these markers when blood samples are collected. 
 
Although research has shown benefits of pre- and post-heating on recovery and HSP expression 
in muscle, the methods used in research to date may be impractical in the sporting environment (i.e., 
more than one athlete may need to use this therapy at a time). Despite the beneficial effects generated 
from other forms of heat therapy, such as increased muscle relaxation following exercise [65], 
attenuation of the loss of range of motion following exercise [77], increased jump height and reduced 
muscle soreness [11], and faster recovery of MVC [15], the small number of benefits that have been 
reported to be induced from HWI is surprising. One possible reason is that the HWI temperatures 
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may not have been high enough to induce benefit. Evidence from research on forms of heat therapy 
such as microwave diathermy [15] suggest that HWI temperature may need to be higher than often 
previously used (e.g. 36-38°C) to induce positive effects. More research examining higher HWI 
temperatures on resistance exercise recovery and subsequent performance is needed to determine 
whether HWI can replicate previous research using other heating modalities. Considering the 
widespread accessibility of hot water, the time-cost (potentially multiple people using the treatment 
at once) and low cost of HWI, further research examining HWI is warranted to determine if it can 
produce the same beneficial effects as other heat therapies. Additionally, although utilising eccentric 
exercise models provides beneficial knowledge, there is a lack of research that uses more ecologically 
valid exercise protocols that more closely represent traditional resistance exercise training. Therefore, 
the aim of this study was to compare the effectiveness of post-exercise HWI on recovery from a 
resistance training session and subsequent acute performance. It was hypothesised that post-exercise 
HWI would result in enhanced recovery of strength and increased submaximal performance 
compared with passive recovery (PAS) following resistance exercise. 
 
Methods 
Experimental Overview 
The study involved participants completing familiarisation and baseline testing, followed by two 
experimental trial days. On the trial days, participants completed a resistance exercise session and a 
specific recovery, HWI or PAS. To evaluate the effects of the HWI on recovery and performance, 
participants underwent submaximal and maximal strength testing, muscle and skin temperature 
assessment, perceptual soreness and recovery assessment and blood sampling. The study design was 
a randomised crossover design, with the order of trials counterbalanced. Participants had a minimum 
of 7 days between the end of the baseline testing and the first trial day, and between the two trial days. 
 
Participants 
Eight recreationally active males (mean age 21.3 years SD 3.2; mean height 1.81 SD 0.04 m; 
weight 80.9 SD 6.9 kg) volunteered to take part in the study. Participants were included in the study 
if they were currently completing strength training (including proficient with barbell back squatting) 
and were healthy, free from injury and had no pre-existing musculoskeletal, cardiovascular or 
neurological conditions, or any other medical condition that was likely to hinder their ability to 
complete the resistance exercise session and performance tests. Participants not meeting this criteria 
were excluded from the trial. All participants were medically screened using the Adult Pre-Exercise 
Screening Tool [98], and all experimental procedures were completed within The School of Human 
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Movement and Nutrition Sciences at The University of Queensland. The study was approved by the 
Medical Research Ethics Committee at the University of Queensland (#2014001091). 
 
Familiarisation and Baseline Testing Sessions 
Participants completed baseline and familiarisation testing over 3 d, with the final day at least 7 d 
before the start of the experimental period. The first session involved measuring the participants’ 
height, body mass, and one repetition maximum (1-RM) strength. Participants were then familiarised 
with the MVC protocol. Approximately 24 h later, the participants performed the baseline squat 
performance test, and a second familiarisation session with the MVC protocol. Of note, the baseline 
squat performance test was used as a resting or ‘baseline’ comparison with the same test that was 
performed 6 h after each experimental trial. This approach was used because performing this test on 
the morning of each experimental trial would have caused significant fatigue, which would have 
confounded the results. The baseline squat performance test was conducted within 2 h of the predicted 
time that the participants would complete the same task during their experimental sessions to account 
for any diurnal effects. A final session conducted at least 7 d before the first testing session involved 
the participants completing a full familiarisation session of the training session, which determined 
their RM loads for each of the exercises in the experimental trials. The participants also familiarised 
themselves with the HWI protocol during this final session.  
 
1 Repetition Maximum (1-RM) 
The 1-RM for barbell back and front squats for each participant was measured to establish the 
load that they would lift during the resistance exercise sessions and the squat performance task. 
Before the start of the 1-RM testing session, the participants warmed up for 5 min on a cycle 
ergometer (EXCITE®, Technogym, Italy). For each exercise, the participants completed a warm-up 
set of 10 reps at approximately 60% of their predicted 1-RM. After 1 minute of rest, the participants 
completed a second warm-up set of five reps at approximately 80% of predicted 1-RM. After a further 
minute’s rest, they then began attempting 1-RM efforts. The participants were allowed 3 min rest 
between each attempt. The weight increased until they were unable to complete the repetition while 
still maintaining correct technique and form. 
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Experimental Protocol  
Figure 2.1 provides an overview of the experimental trials. Participants arrived at the testing 
location at approximately 7 am and provided a resting blood sample. Skin and muscle temperature 
was recorded, and baseline testing was conducted for MVC. After the temperature and MVC 
measurements, the participants then completed the resistance training session. After a 10-min warm-
up on the cycle ergometer, the participants proceeded to complete the training program outlined in 
Table 2.1. The participants had 90 s of rest between sets, and 3 min of rest between exercises. Room 
temperature was ~25°C. 
Figure 2.1. Timeline of events and outcome measures. Time points are relative to the end of recovery. 
B = Blood, T = Temperature, M = MVC, E = EMG, S = Squat task. Recovery = time point at which 
either HWI or PAS recovery occurred. Muscle and skin temperature were recorded continuously from 
the start of recovery (10 min) to 1 h after the recovery had concluded. 
 
After the resistance exercise session, the participants provided another blood sample, and the same 
temperature and MVC measurements as at baseline were conducted again. Following these 
procedures (approximately 40 min between the end of  the resistance exercise and the end of post-
exercise testing), the participants completed either PAS or HWI. Muscle and skin temperature was 
recorded continuously during the 10 min of PAS or HWI, and in the first hour after the end of the 
recovery treatments. Further blood samples were collected and MVC was assessed at 1, 2, 4 and 6 h 
after the end of the recovery phase. A final blood sample was collected, and the squat task was 
performed at 6 h after the end of the recovery phase. 
 
 
 
60 
 
 
 
 
 
 
 
 
 
 
 
 
Hot Water Immersion and Passive Recovery 
For the HWI condition, the participants immersed themselves seated in water up to their sternum 
in an inflatable bath (iBody, iCoolSport, Australia) for 10 min. Water temperature was controlled 
using an external heating device (iLite, iCoolSport, Australia). The mean  SD temperature of the 
HWI over this period was 44.6 ± 0.4°C. This temperature was selected based on the findings of 
previous research showing that muscle temperatures greater than ~40°C are necessary to stimulate 
the HSP expression in muscle [57]. PAS involved the participants sitting quietly at room temperature 
for 10 min in the same posture as when completing the HWI (sitting on the ground with their legs 
straight out in front of them). PAS was chosen as the control condition to minimise any confounding 
effects of physical activity during recovery from exercise. The temperature of the room where the 
recovery took place was ~21.9°C.  
 
MVC Strength, Rate of Force Development and Electromyography 
The participants’ MVC strength was measured using a dynamometer (Biodex 3, Biodex Medical 
Systems, USA), whereby the participants were seated upright with their dominant leg strapped to the 
rotating arm. The range of motion of the dynamometer was set to zero, with knee angle set at 70° 
flexion (full extension = 0°). Strength output was measured from three 5-s contractions, with 90 s of 
rest between contractions. Strength data were recorded continuously at 2 kHz during the contractions 
(LabView, National Instruments, USA). Rate of torque development (RTD) was calculated over the 
first 100, 200 and 300 ms (RTD100, RTD200, and RTD300 respectively) of the contraction. (At rest, 
torque values were recorded to be just below 0 Nm; accordingly, the start of contraction was identified 
when torque surpassed 0 Nm.) 
Table 2.1 Training session completed by participants. 
Exercise Repetitions 
Barbell Back Squat 
8, 8, 10, 12, 10, 10. Intensity was 8-RM 
load for 8 repetition sets, 8-RM minus 5 kg 
for 10 repetition sets and 8-RM minus 10 kg 
for 12 repetition set. 
Barbell Front Squat 
8, 8, 10, 12, 10, 10. Intensity was 8-RM 
load for 8 repetition sets, 8-RM minus 5 kg 
for 10 repetition sets and 8-RM minus 10 kg 
for 12 repetition set. 
Leg Press 12, 12, 12. Intensity was 12-RM load. 
Walking Dumbbell Lunges 
12, 12, 12. Body mass plus 40% of body 
mass (mass of dumbbell). 
Countermovement Box Jumps (50cm) 12, 12, 12. Body mass only. 
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Surface electromyography (EMG) activity of the vastus lateralis of the dominant leg was recorded 
during each of the MVC contractions (pre- and post-exercise, and 1, 2, and 4 h post-recovery). Hair 
was removed and the skin was cleaned before two electrodes were placed on the skin above the 
midline of vastus lateralis, while a ground electrode was placed on the patella. Data were collected 
at 2 kHz using a pre-amplifier (NL844 Digitimer LTD, UK) and a custom built Labview computer 
script (Labview, National Instruments, Australia). EMG during MVC (MVC EMG), and MVC EMG 
normalised to EMG during the rest proceeding the contraction (MV EMG NORM PRE) were 
calculated/recorded. 
 
Squat Performance Task 
At 6 h post-exercise, the participants completed the submaximal performance test. The task 
involved the participants attempting to complete six sets of 10 reps of barbell back squats at 80% of 
their 1-RM. After the completion of each set (or until participants could complete no further 
reps/could not complete further repetitions with appropriate technique as assessed by HM) the 
participants rested passively seated for 3 min. The number of reps, and total weight lifted for each set 
were recorded.  
 
Intramuscular and Skin Temperature 
Intramuscular and skin temperature was recorded before and after the resistance exercise session, 
during the recovery phase, and for 1 h after the end of the recovery phase. Data were collected at 0.2 
Hz through a data logger (SQ2020, Grant Instruments, UK). Muscle temperature was measured using 
an intramuscular probe (T204E, Physitemp Instruments Inc., USA) inserted through a 18 gauge 
cannula (BD, USA) into the vastus lateralis muscle to a depth of 3 cm. A skinfold of the site was 
measured using Harpenden skinfold callipers (HSK BI, Baty International, UK). The measurement 
was divided by two to estimate subcutaneous adipose tissue thickness to ensure the intramuscular 
probe was inserted 3 cm into the muscle belly. A skin temperature thermistor (SS-1, Physitemp 
Instruments Inc., USA) was taped down on the skin surface close to the site of the intramuscular 
probe. During the HWI, participants had a waterproof bandage placed over the intramuscular probe 
and skin thermistor. 
 
Perceptual Scores of Soreness and Recovery 
The participants completed a visual analogue scale (VAS) (line length ~16.3 cm) to measure 
perception of soreness and fatigue. Question 1 asked participants to stand with feet at shoulder width 
apart and mark on a line their level of soreness (“0 – no soreness, and 10 − maximal soreness”). 
Question 2 had participants squat to until their knee formed a 90 angle and report their soreness (in 
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the same manner to Question 1). Question 3 asked the participants to report their perceptions of 
fatigue (“0 − completely recovered i.e. at rest, not doing anything at all” and 10 − “completely 
fatigued and not able to exercise at all”). The participants completed these questions pre- and post-
exercise, and at 1, 2, 4 and 6 h post-recovery. For statistical analysis, distance to the mark made by 
the participant was measured from the left end of the line. 
 
Nutrition 
The participants were given a standardised meal for dinner the night before each experimental 
trial. This meal consisted of a flavoured packet pasta meal containing ~21.9 g protein, ~80.1 g 
carbohydrates and ~9.6 g of fat, and a protein shake containing ~26.07 g protein, ~0.4 g 
carbohydrates, ~2.9 g of fat (WPI, Bulk Nutrients, Australia) mixed with their choice of liquid. For 
breakfast on the trial days, the participants were advised to eat four Weetbix with 500 ml of whole 
milk, two pieces of toast (~25.2 g protein, ~66.2 g carbohydrates, 17.08 g of fat) and a glass of fruit 
juice of their choice. They were also given standardised meals throughout the experimental period 
(described below). The participants were asked to avoid any stimulants and depressants in the 24 h 
preceding the start of the resistance exercise session. On the day before the first trial, the participants 
recorded their diet into a diet log, which they repeated on the day before their next trial. 
 
During the resistance exercise session, the participants were given an amount of water equivalent 
to 10 mlkg-1 body mass. After the conclusion of the resistance exercise session, the participants were 
given a protein and carbohydrate shake mixed with water. Water (5 mlkg-1) and carbohydrates (0.7 
gkg-1) were matched to body mass, with protein served as an absolute amount (~26.07 g). After the 
10-minute recovery period, the participants were given water every hour (5 mlkg-1). At 1.5 h after 
recovery, the participants were given a protein shake (~ 26.1 g protein, ~0.3 g carbohydrates, ~0.4 g 
fat, and water) and protein bar (~21.4 g of protein, ~2.6 g of carbohydrates, ~6.8 g of fat) (High 
Protein Bar, BSC, Australia). At 3 h after recovery, the participants were given another protein shake 
(as above), and two ham and cheese sandwiches (each sandwich ~11.4 g protein, ~30.9 g of 
carbohydrates, ~6.5 g of fat). Finally, at 4.5 h after recovery, the participants consumed another 
protein shake (identical to 1.5 h protein shake) and one ham and cheese sandwich. 
 
Blood Collection 
Venous blood samples were collected from a forearm vein by standard venepuncture technique at 
baseline, post-exercise, and 0.5, 1, 2, 4, and 6 h after the post-exercise recovery phase. At each time 
point, ~30 ml of blood were collected and placed into vacutainers containing EDTA, and lithium 
heparin (BD Vacutainer, BD, USA). EDTA and lithium heparin vacutainers were put on ice 
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immediately after collection before being centrifuged at 1,000 x g for 10 min at 4°C. Plasma was 
aliquotted and stored at −80°C. Whole blood for haemoglobin analysis was aliquotted and stored 
−80°C. 
 
Blood Analysis  
Multiplex bead-based assay kits (#HSTCMAG-28SK Millipore Corp., Billerica, MD, USA) were 
used to measure plasma concentrations of the cytokines interleukin (IL)-6, IL-8, IL-10 and tumour 
necrosis factor alpha (TNF-α) and matrix metalloproteinase (MMP)-1, MMP-2, and MMP-9 (# 
HMMP2MAG-55K, Millipore Corp., Billerica, MD, USA) as previously described [99]. The assays 
were performed according to the manufacturer’s instructions, and all samples were analysed in 
duplicate. The intra-assay coefficient of variation for each assay was as follows: IL-6, 6.4%; IL-8, 
6.6%; IL-10, 7.5%; TNF-α, 6.9%; MMP-1 4.1%; MMP-2, 4.8%; MMP-9, 4.6%. The inter-assay 
coefficient of variation (determined by replicate sample analysis (n=4 of the provided assay quality 
controls) was as follows: IL-6, 3.6%; IL-8, 8.6%; IL-10, 6.1%; TNF-α, 5.3%; MMP-1, 8.1%; MMP-
2, 5.6%; MMP-9, 9.2%. If any samples were below detectable ranges, the minimum detectable 
concentration outlined in the assay instructions was used. To avoid potential variation between plates, 
a full set of samples containing plasma from each participant was measured on the same plate.  
 
Haemoglobin was measured according to the cyanmethaemoglobin method, recommended by the 
International Committee for Standardization in Haematology [100]. Subsequently, plasma volume 
changes were calculated using methods outlined by Dill and Costill [101] to assess any changes in 
plasma volume following HWI. To assess haematocrit (for plasma volume calculations), whole blood 
was collected in capillary tubes from the lithium heparin tubes. Capillary tubes were then spun in a 
haematocrit centrifuge (Jouan Hema-C, Hawksley, Sussex, Great Britain) for 5 min and analysed 
(Micro Haematocrit Tube Reader, Hawksley, Sussex, Great Britain). Results for all blood measures 
were corrected for changes in plasma volume to present the true concentration for each analyte. 
 
As a marker of muscle damage, plasma myoglobin concentration was measured by immunoassay 
(Roche Diagnostics GmbH, Germany) on an automatic analyser (Cobas E411, Roche Diagnostics 
GmbH, Germany). Mean intra-assay coefficient of variation for myoglobin concentrations was 3.1%. 
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Control Procedures 
The participants maintained their current exercise program outside of the study and recorded their 
exercise in an exercise diary in the week before their first trial day. They then replicated this exercise 
between the two trials. They avoided exercise in the 24 hours before baseline testing and before the 
trials. 
 
Statistical Analysis 
All data were checked for normal distribution using the Shapiro-Wilk statistic. If the data were 
normally distributed, repeated measures 2-way ANOVA was used. If significant time, trial or time  
trial interactions were evident, then paired Student’s t tests were used to identify significant 
differences within and between trials. If data were not normally distributed, data were log-
transformed and rechecked for normality. If log-transformed data were normally distributed, 
statistical tests for normally distributed data described above were carried out on the log-transformed 
data. If the data were not normally distributed, data were analysed using the non-parametric 
Friedman’s 2-way ANOVA and Wilcoxon-Signed ranked tests to identify any significant changes 
over time or between trials. The false discovery rate was used to adjust for all multiple comparisons.  
 
Data for MVC EMG, RTD100, RTD 200, RTD 300, skin temperature, myoglobin, HSP70, IL-8 
MMP-2 and MMP-9 were analysed using parametric statistics Data for mass lifted during squat 
performance task, MVC, MVC EMG normalised to pre-exercise EMG (MVC EMG NORM PRE), 
muscle temperature, IL-6, IL-10, TNF-α and MMP-1 were analysed using non-parametric statistics. 
Data analysis included data from all participants, unless stated otherwise. Significance for the data 
was set at p <0.05. Data were analysed using SPSS version 24 (Statistical Package for the Social 
Sciences, IBM, USA). Normally distributed data are presented as mean ± standard deviation. 
Normally distributed data that underwent log-transformation are presented geometric mean (95% 
asymmetric confidence intervals). Non-normally distributed data are presented as median 
(interquartile range). 
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Results  
All participants completed all testing sessions for the study. 
 
Performance Task 
The results of the squat performance task at baseline, and after the PAS and HWI trials are 
presented in Figure 2.2. The average number of reps completed in each set were 10, 10 ,9 ,6 ,6 and 4 
during Baseline, 9, 8, 6, 6, 4 and 4 during PAS and 9, 8, 8, 6, 5 and 5 during HWI. Squat performance 
changed over time (p<0.05) with respect to changes from Set 1 within each bout. However there were 
no differences between HWI or PAS at any time point with respect to individual sets or between 
trials.The total mass lifted in Sets 4, 5, and 6 during Baseline was significantly less than Set 1 of the 
Baseline trial (Set 4 p = 0.018, Set 5 p = 0.018, Set 6 p = 0.018). During the HWI trial, total mass 
lifted in Sets 4, 5, and 6 was significantly less compared with the total mass lifted in Set 1 of the HWI 
trial. (Set 4 p = 0.027, Set 5 p = 0.018, Set 6 p = 0.018). In PAS, the total mass lifted in Sets 3, 4, 5 
and 6 was significantly less than Set 1 of the PAS trial (Set 3 p = 0.027, Set 4 p = 0.028, Set 5 p = 
0.018, Set 6 p = 0.018).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Total mass lifted during each set of the submaximal protocol conducted at 6 h after 
recovery. Box denotes baseline, open circle represents PAS and closed circle indicates HWI. * 
denotes significant difference (p<0.05) compared with Set 1. Data presented as median ± 
interquartile range. 
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MVC, RTD and EMG 
There were no significant changes in MVC (Figure 2.3), EMG or RTD100 (Table 2.2). Significant 
time effects (p<0.05) were observed for RTD 200 ms and 300 ms (Figure 2.4) in relation to pre-
exercise values. RTD200 was significantly slower post-exercise compared to pre-exercise in both 
trials (PAS post-exercise p = 0.001, d = −1.4; HWI p = 0.029, d = −1.1). RTD300 was significantly 
slower post-exercise compared to pre-exercise in PAS (p = 0.001 d = 1.4), whereas it was not 
significantly different from pre-exercise at any time point after HWI.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Maximal voluntary contraction during the trial days. Open circles represent PAS and 
closed circles indicate HWI. Data presented as median ± interquartile range. n=7 due to technical 
difficulties collecting the data.
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Table 2.2. Non-significant measures of strength and EMG.  Data for RTD100 and MVC EMG presented as mean ± SD. 
Data for EMG normalised to pre-contraction resting EMG (MVC EMG NORM PRE) presented as median (interquartile 
range). * indicates p value from Friedman’s analysis. n=7 for RTD100 and n=6 for MVC EMG and MVC EMG NORM 
PRE due to technical difficulties collecting the data. 
Measure Trial 
Time Point  
Pre Post 1 h 2 h 4 h 
p values 
(time, trial, 
time x trial) 
RTD100 
(Nm/ms) 
PAS 553 ± 279 382 ± 238 596 ± 254 551 ± 192 526 ± 279 0.001, 0.948, 
0.678 HWI 612 ± 313 416 ± 187 499 ± 223 536 ± 221 513 ± 192 
MVC EMG 
(mV) 
PAS 0.09 ± 0.07 0.08 ± 0.07 0.09 ± 0.07 0.10 ± 0.80 0.10 ± 0.09 0.812, 0.165, 
0.281 HWI 0.11 ± 0.11 0.10 ± 0.09 0.10 ± 0.09 0.09 ± 0.08 0.10 ± 0.08 
MVC EMG 
NORM PRE 
(mV/mV) 
PAS 
37.6 (36.0 – 
58.3) 
32.4 (20.3 – 
96.6) 
51.4 (36.5 – 
82.2) 
55.0 (36.2 – 
82.2) 
54.8 (34.6 – 
78.5) 0.521* 
HWI  
42.1 (38.9 – 
55.8) 
29.2 (16.0 – 
43.7) 
58.5 (53.9 – 
70.0) 
53.9 (33.3 – 
66.2) 
56.2 (53.0 – 
70.5) 
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Figure 2.4. Rate of torque development over the first 200 ms (A) and first 300 ms (B) of the 
contraction. Open circles represent PAS and closed circles indicate HWI. * denotes significant 
difference (p<0.05) compared with pre-exercise time point. Data presented as mean ± standard 
deviation (n=7 due to data capture difficulties). 
 
 
Muscle and Skin Temperature 
Muscle and skin temperature data are presented in Figure 2.5, and individual results during the 
trials are presented in Figure 2.6. Significant time and condition (p<0.05) effects were evident for 
muscle and skin temperature throughout the recovery. In the PAS and HWI conditions, muscle 
temperature was significantly higher at post-exercise compared with pre-exercise (PAS: p = 0.012, 
HWI: p = 0.012). Additionally, in the HWI condition, muscle temperature was significantly higher 
at 10 min (p = 0.012) and 20 min post recovery (p = 0.012) compared to pre-exercise. Muscle 
temperature was significantly higher in HWI compared with PAS between 4 to 10 min during the 
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recovery phase, and at 10 min (p = 0.012) and 20 min post recovery (p = 0.012). Significant time x 
condition effects occurred for skin temperature (p=<0.001). Skin temperature for PAS and HWI 
was significantly higher at all time points compared with pre-exercise. It was also significantly 
higher in HWI compared with PAS from minute 2 of the recovery phase until 20 min post recovery 
(see Table 2.3 for p and d values).
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Table 2.3 p values for muscle and skin temperature comparisons throughout HWI and PAS trials compared to pre-exercise, and 
between conditions. 2-8 denotes minutes during HWI or PAS, whilst 10R – 60R denotes minutes after HWI or PAS. Significant 
time and condition effects were observed (p<0.05) 
Muscle Temperature  Skin Temperature 
Time 
point 
PAS HWI 
Between 
Conditions 
 
Time  
point 
PAS HWI 
Between 
Conditions 
p p p  p p p 
Pre - - 0.674  Pre - - 0.455 
Post 0.012 0.012 0.400  Post 0.046 0.062 0.373 
2 0.674 0.263 0.123  2 0.006 <0.001 <0.001 
4 0.575 0.575 0.012  4 0.005 <0.001 <0.001 
6 0.575 0.093 0.012  6 0.004 <0.001 <0.001 
8 0.575 0.050 0.012  8 0.004 <0.001 <0.001 
10 0.575 0.025 0.012  10 0.004 <0.001 <0.001 
10R 0.674 0.012 0.012  10R 0.002 <0.001 <0.001 
20R 0.401 0.012 0.012  20R 0.001 <0.001 0.005 
30R 0.400 0.173 0.025  30R 0.003 0.001 0.164 
40R 0.237 0.726 0.123  40R 0.005 0.003 0.309 
50R 0.093 0.612 0.123  50R 0.005 0.006 0.538 
60R 0.068 0.208 0.262  60R 0.016 0.024 0.852 
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Figure 2.5. Changes in muscle (A) and skin (B) temperatures from pre-exercise to 1 h post 
recovery. PAS = open circles, HWI = closed circles. Shaded area represents 10 min recovery 
period. Data presented as median ± interquartile range for muscle and geometric mean ± 
asymmetric 95% confidence interval for skin temperature. * denotes significant difference (p <0.05) 
for both trials compared with pre-exercise. + denotes significant difference (p <0.05) between trials. 
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Figure 2.6. Individual changes during each condition. PAS muscle (A) and skin (C) and HWI 
muscle (B) and skin (D). Shaded area represents 10 min recovery period. 
 
 
Blood Analysis 
Significant time effects and time x condition (p<0.05) were evident for myoglobin and significant 
time effects for MMP-2 and MMP-9 (p<0.05) relative to pre-exercise. However the significant time 
x condition effect was not observed in post-hoc. There were no main effects for HSP70, IL-6, IL-8, 
IL-10, TNF-α, or MMP-1 (Table 2.4).Myoglobin concentration was significantly higher at all time 
points compared to pre-exercise in both conditions (PAS 2 h p <0.001, 4 h p <0.001, 6 h p<0.001) 
(HWI 2 h p <0.001, 4 h p <0.001, 6 h p <0.001) (Figure 2.7).  
 
MMP-2 concentration was significantly lower compared with pre-exercise at 1, 2, 4, and 6 h post 
recovery in the HWI condition (1 h p = 0.014, 2 h p <0.001, 4 h p = 0.001, 6 h p = 0.008) (Figure 
2.8).  
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Figure 2.7 Plasma myoglobin concentrations throughout the trials. Open circle represents PAS and 
closed circle indicates HWI. * denotes significant difference (p<0.05) compared with the conditions’ 
relative pre-exercise value. Data presented as geometric mean ± 95% confidence intervals. 
 
 
MMP-9 concentration was significantly higher in PAS from 30 min post recovery to 6 h post 
recovery (30 min p = 0.020, 1 h p = 0.023, 2 h p = 0.003, 4 h p = 0.030, 6 h p = 0.009). In the HWI 
trial, MMP-9 concentration was significantly higher at post-exercise and at 30 min, 2 and 4 h post 
recovery (post-exercise p = 0.021, 30 min p = 0.010, 2 h p = 0.025, 4 h p = 0.003) (Figure 2.8).  
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Figure 2.8 Changes in MMP-2 (A) and MMP-9 (B) concentrations throughout the trials. Open 
circles represent PAS and closed circles indicate HWI. # denotes significant difference (p <0.05) for 
HWI compared with pre-exercise. ^ denotes significant difference (p <0.05) for PAS compared with 
pre-exercise. Data presented as mean ± SD.
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Table 2.4 Non-significant changes in blood markers. n=8 (IL-6, IL-8 n =7, TNF-α n=6). Data for HSP70 and IL-8 
presented as geometric mean (asymmetric 95% confidence interval). Data for IL-6, IL-10, TNF-α and MMP-1 
presented as median ± interquartile range. N/A signifies data not analysed at these time points. 
Measure Condition 
Time Point 
Pre Post 0.5 H 1 H 2 H 4 H 6 H 
HSP70 
(ng/ml) 
PAS 
66.5 (25.3 – 
40.9) 
73.2 (33.5 – 
61.8) 
N/A N/A 
55.6 (20.5 – 
32.5) 
50.3 (22.2 – 
39.7) 
60.6 (26.1 – 
46.0) 
HWI 
63.7 (31.7 – 
63.1) 
86.2 (47.3 – 
104.7) 
N/A N/A 
51.9 (28.0 – 
60.9) 
46.8 (23.9 – 
48.8) 
52.8 (16.7 – 
24.4) 
IL-6 
(pg/ml) 
PAS 1.2 ± 0.4 2.0 ± 0.4 1.2 ± 0.4 1.4 ± 0.8 1.3 ± 0.4 1.3 ± 0.3 1.9 ± 0.4 
HWI 1.2 ± 0.4 1.7 ± 0.7 1.3 ± 0.9 1.2 ± 0.3 1.6 ± 0.5 1.7 ± 0.6 1.164 ± 0.4 
IL-8 
(pg/ml) 
PAS 2.4 (1.1 – 2.1) 3.2 (1.3 – 2.2) 2.4 (1.1 – 1.9) 
3.3 (1.8 – 
2.2) 
2.5 (1.2 – 2.2) 2.5 (1.1 – 2.0) 
2.8 (1.5 – 
3.4) 
HWI 2.6 (1.3 – 2.7) 2.6 (1.3 – 2.4) 2.5 (1.4 – 3.0) 
2.2 (1.1 – 
2.1) 
2.5 (1.2 – 2.4) 2.6 (1.4 – 2.8) 
2.0 (0.9 – 
1.7) 
IL-10 
(pg/ml) 
PAS 
12.3 (9.7 – 
14.0) 
13.9 (9.4 – 
17.2) 
14.8 (9.4 – 
17.2) 
14.2 (10.8 – 
21.1) 
11.5 (9.4 – 
14.9) 
14.4 (8.5 – 
16.7) 
12.8 (9.8 – 
16.0) 
HWI 
12.4 (9.8 – 
16.4) 
13.4 (12.6 – 
17.3) 
11.5 (10.4 – 
17.3) 
10.9 (7.4 – 
17.3) 
11.8 (9.5 – 
17.0) 
18.1 (11.7 – 
19.6) 
14.0 (7.4 – 
17.5) 
TNF-α 
(pg/ml) 
PAS 3.4 (2.8 – 4.0) 4.1 (3.3 – 5.0) 3.4 (3.0 – 6.2) 
4.9 (2.9 – 
6.2) 
3.4 (2.9 – 4.5) 2.7 (2.6 – 4.6) 
2.8 (2.3 – 
4.9) 
HWI 4.0 (2.6 – 5.0) 3.4 (3.0 – 5.0) 3.0 (2.6 – 4.5) 
2.9 (2.3 – 
4.1) 
3.9 (2.8 – 4.1) 4.0 (2.9 – 5.3) 
3.0 (2.1 – 
3.5) 
MMP-1 
(ng/ml) 
PAS 2.5 (1.7 – 2.7) 2.0 (1.4 – 2.7) 1.7 (1.4 – 2.4) 
1.8 (1.0 – 
2.4) 
1.6 (1.3 – 2.0) 1.1 (0.9 – 1.7) 
1.7 (1.2 – 
2.3) 
HWI 2.6 (2.2 – 2.8) 1.6 (1.4 – 3.4) 1.9 (1.5 – 2.2) 
1.3 (0.8 – 
2.6) 
1.5 (1.3 – 1.8) 1.6 (1.0 – 2.6) 
1.3 (0.9 – 
2.4) 
ANOVA p values (time, trial, time x condition) were: HSP70 (0.019, 0.840, 0.733), IL-8 (0.570, 0.266, 0.029). For HSP70, false 
discovery rate calculation determined initial significant effects to be false. For IL-8, as there was a time x condition effect but no 
time or condition effects, IL-8 has been included in this table. 
Friedman’s (and Wilcoxon (PAS, HWI, between conditions), if applicable) p values were:  
IL-6 (0.092),  IL-10 (0.034, between conditions Pre; 0.262, Post: 0.069, 0.674, 0.484, 0.5 H: 0.161, 0.327, 0.484, 1 H 0.036, 
0.036, 0.017, 2H 0.263, 0.401, 0.123, 4H: 0.575, 0.779, 0.401, 6H: 0.674, 0.263, 0.779), TNF-α (0.002, between conditions Pre: 
0.484, Post: 0.017, 0.779, 0.575, 0.5H: 0.327, 0.208, 0.161, 1H: 0.093, 0.093, 0.012, 2H; 0.889, 0.779, 0.779, 4H: 0.575, 0.889, 
0.208, 6H: 0.674, 0.05, 0.161), MMP-1 (0.087). 
False discovery rate calculation determined initial significant effects to be false. 
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Perceptual Measures of Soreness and Recovery 
Significant time and condition effects were evident for perceptions of soreness and recovery 
(p<0.05) (Figure 2.9). However, there were no time, condition or interaction effects for standing 
soreness. Squatting soreness was significantly higher in PAS compared with pre-exercise at post-
exercise, and at 1, 2 and 6 h post recovery, whereas in HWI it was significantly higher at all time 
points compared to pre-exercise (See Table 2.5 for values).  
 
There were significant time effects for perceptions of fatigue (p <0.05) compared to pre-exercise. 
Perception of fatigue were significantly higher in the PAS trial at post-exercise and at 2 and 4 h (post-
exercise p value = 0.028; 2 h p = 0.028,  4 h p = 0.028). Perceptions of fatigue were significantly 
higher in the HWI trial 2, 4 and 6 h post recovery (2 h p = 0.028; 4 h p = 0.028; 6 h p = 0.028). There 
were no significant differences between HWI and PAS at any time point. 
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Figure 2.9. Perceptions of standing soreness (A), squatting soreness (B), perception of fatigue (C). 
Open circles represent PAS and closed circles indicate HWI. # denotes significant difference 
(p<0.05) for HWI compared with pre-exercise. ^ denotes significant difference (p <0.05) for PAS 
compared with pre-exercise. Data presented as median ± interquartile range. n=6 due to missing 
data points for some participants. 
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Table 2.5. p values for squatting soreness comparisons throughout 
HWI and PAS trials. 
Time 
point 
PAS 
(p) 
HWI 
(p) 
Between Conditions 
(p) 
Pre - - 0.715 
Post 0.028 0.028 0.273 
1 0.028 0.028 0.293 
2 0.028 0.028 0.068 
4 0.027 0.028 0.066 
6 0.028 0.028 0.043 
 
 
Discussion 
The aim of this study was to determine whether post-exercise HWI could enhance recovery and 
subsequent acute performance after resistance exercise. The results suggest that HWI did not enhance 
performance or acute recovery, which contrasts with the hypothesis. The squat protocol was a 
sufficiently challenging task, with participants lifting significantly less mass in the last four sets (after 
PAS) and last three sets (after HWI) compared with baseline. There were significant differences in 
muscle and skin temperatures between the trials in response to the HWI protocol. Blood markers of 
muscle damage and inflammation responses were variable. Myoglobin was significantly elevated at 
all time points compared to pre-exercise, in both conditions. MMP-2 at 1, 2, 4, and 6 h was 
significantly less compared to pre-exercise in the HWI trial. MMP-9 significantly decreased post-
exercise but was significantly higher than pre-exercise at all other time points in PAS and significantly 
elevated compared to pre-exercise in the HWI trial at post exercise, 30 min and 2, and 4 h post 
recovery. Finally, squatting soreness increased at all time points compared to pre-exercise (except at 
4 h for PAS), and perceptions of fatigue were increased compared to pre-exercise in the PAS trial at 
post-exercise, 2 h and 4 h, and from 2 h onwards in the HWI condition. Overall, these finding suggest 
the HWI protocol implemented in the current study did not enhance acute recovery and subsequent 
performance. 
 
As expected, increases in muscle and skin and temperature occurred during the trials. HWI 
resulted in significantly higher muscle temperature than PAS from the 4th min onwards during the 
recovery, and at 10 and 20 min post recovery. Skin temperatures in both HWI and PAS were 
significantly elevated at all time points compared with pre-exercise values, with HWI raising skin 
temperature above that for PAS from the 2nd min of the recovery until 20 min post recovery. These 
results highlight that the HWI protocol implemented in this study was sufficient to elicit significant 
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increases in muscle and skin temperature. The muscle temperature observed was different to the 
muscle temperature observed by Skurvydas et al. [11], who found an increase of ~3°C in muscle 
temperature from their HWI protocol. However, Skurvydas et al. [11] had participants immersed in 
44°C water for a longer period (i.e., 45 min), and they measured muscle temperature at 3 cm below 
the skin surface. This was opposed to the measurement of muscle temperature in the current study of 
3 cm into the muscle belly (adipose tissue was determined and accounted for before temperature 
thermistor insertion). Additionally, there was wide variation between the participants for the increase 
in muscular temperature (in response to HWI), with a range of increases from 0.7°C to ~3°C. 
Although it would seem logical that variation in subcutaneous fat mass would contribute to this range, 
this doesn’t appear to be the case with the current participants. For example, one participant had a 
skinfold of 5 mm and had a muscle temperature increase of 0.6°C over the course of the HWI protocol, 
whereas another participant with a skinfold of 19 mm had an increase in muscle temperature of 1.9°C. 
Other studies have measured muscle temperature responses to other forms of heating (e.g., microwave 
diathermy), but differences in heating devices make it hard to compare between studies. Other HWI 
studies have failed to measure muscle temperature, potentially because of the invasive nature of the 
measurement, and wanting to avoid interfering with performance measurements [22, 67, 82, 85, 90, 
102]. Additionally, the intermittent MVC strength testing conducted throughout the study (involving 
repeated contractions) may have increased muscle temperature. However, given that these 
contractions were completed in both conditions at all the same time points, then this should remove 
any potential confounding factors. It therefore remains difficult to make any definitive conclusions 
about the effects of HWI and other forms of heat therapy on muscle temperature. 
 
Previous heating research has reported increases in muscle temperature are associated with an 
increase in muscle expression of HSP27, 72 and 90 [57] and plasma HSP70 concentration increases 
in response to heat therapy and eccentric exercise [79]. Increased HSP expression has been proposed 
to induce a protective effect on muscle to minimise any inflammation or proteolytic degradation 
arising from exercise [103]. A water temperature of 45°C as opposed to lower temperatures often 
used in post-exercise HWI studies (~36.5 – 39.0°C) [67, 85, 102] was selected in an attempt to raise 
muscle temperature to 40C. The aim of this protocol was to induce a HSP response, which Ogura et 
al. [57] previously demonstrated was sufficient to increase HSP expression in muscle. Unfortunately, 
the current HWI protocol did not increase muscle temperature to 40°C, with individual muscle 
temperatures only reaching 35.9–37.3°C. Although there were obvious significant differences 
between muscle and skin temperatures between HWI and PAS during the recovery phase in the 
present study, these temperature differences did not appear to influence recovery from the resistance 
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exercise session. An immersion period of more than 10 min may lead to higher muscle temperature, 
as demonstrated in the study by Skurvydas et al.[11]. However, the practical and ethical 
considerations of this must be considered. Elite athletes may not have the time to complete more than 
10 min of a recovery therapy after a game or event due to other commitments (i.e. media). High water 
temperatures may lead to burns, protein begins to denature at 45–50°C [95] and blood proteins begin 
to denature after 2 h exposure to 45 and 50°C [104]. Therefore, current HWI protocols must be 
designed so as not to induce any significant damage, while still assisting post-exercise recovery. 
 
Strength tests are widely used as a measure to assess both exercise recovery and the benefits of 
heat therapy [15, 65, 67, 86]. In the current study, a barbell back squat performance task was used at 
6 h post-recovery to assess the effects of HWI. Back squat protocols have been used before to assess 
recovery outcomes previously [105-107]. Herein, the total mass lifted over the last few sets during 
the both trials was significantly less than that was lifted in the relative set 1 during the baseline test. 
However, there were no significant differences between HWI and baseline, PAS and baseline, and 
PAS and HWI for total mass lifted at any time point. Additionally, there were no time, condition or 
interaction effects for MVC. The current study is one of a small number of studies to evaluate the 
effects of HWI on acute performance outcomes. Vaile et al. [67] found that 14 min of 38°C HWI 
immersing the whole body excluding head and neck immediately following an eccentric leg press 
protocol attenuated the decline in isometric squat performance at 24, 48 and 72 h post-recovery. As 
such, any benefit induced by the HWI protocol in the current study may not have been observed until 
~24 h post exercise. 
 
Alternatively, perhaps the HWI protocol used in the current study was not a sufficient stimulus to 
enhance recovery in the acute time frame post-exercise. In a non-exercise study, Ogura et al. [57] 
showed a significant increase in HSP72 muscle expression 24 h after heating by microwave diathermy 
where muscle temperature increased to ~40°C at a 2 cm depth (whether this depth was below the skin 
or into the muscle belly is unclear). Castellani et al. [79] pre-heated the biceps brachii muscle using 
microwave diathermy (100 W, 15 min) before an eccentric exercise protocol, after pilot work 
indicated that this protocol would increase muscle temperature at a 2.5 cm depth to ~40°C (depth into 
muscle or depth below skin not clear). In this particular study [79], plasma HSP70 concentration only 
achieved a significantly higher difference 120 h post exercise compared to a non-heat group, and 
there were no group effects for plasma HSP72 at any time point. In the current study, there were no 
significant time or group effects for plasma HSP70 concentrations, which is somewhat similar to 
Castellani et al. [79], despite the differences between heat therapy used, timing of heat therapy, and 
exercise protocol. As previously mentioned, muscle temperature at the end of the HWI protocol in 
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this study ranged from 35.9–37.3 °C (3 cm depth into muscle). Therefore, the HWI protocol used in 
the current study may not have been an effective stimulus to increase circulating HSP concentrations.  
 
Measurements of a wide array of blood markers, evaluating the time course of responses from 
pre-exercise to 6 h post-exercise were undertaken. Research in humans has reported no effects of 
HWI on plasma creatine kinase (CK) activity 24 h after exercise [22, 84]. By contrast, Vaile et al. 
[67] found a reduction in plasma CK activity at 48 h post-exercise combined with HWI. Changes in 
plasma myoglobin concentration (a known marker of muscle damage) were evaluated in the current 
study, because CK concentration typically peaks from 24 h onwards [108, 109]. Myoglobin was 
significantly elevated at all time points compared with relative pre-exercise values, but there were no 
differences between HWI and PAS protocols across the 6 h time window following recovery. The 
data suggests the HWI protocol implemented in the current study had no observable effect on muscle 
damage after resistance exercise. 
 
MMP-1 plays an important role in muscle remodelling, while MMP-2 and -9 are associated with 
inflammation [110-112]. There were no time or trial effects for MMP-1, in contrast to previous 
literature [111]. MMP-9 was significantly elevated at most time points during recovery in both trials. 
However, there were no differences between the trials. Interestingly, MMP-2 was significantly 
reduced in the HWI condition from 1–6 h post recovery, with no effects found from the PAS 
condition. Although there were no statistically significant trial differences, this may suggest that the 
HWI protocol implemented in this study reduced post-exercise inflammation. Ross et al. [111] 
showed significant increases in plasma MMP-1 concentration at 10 min post-exercise (6 exercises, 3 
sets, 15-RM, exercise session lasting for ~12 min), and increased plasma concentrations of MMP-2 
and -9 at 10 min and 2 h post exercise compared with pre-exercise. Values for MMP-1, -2 and -9 at 
24 h were not significantly different from pre-exercise. As HWI would likely increase vasodilation, 
in turn likely to increase the blood’s capacity to transport inflammatory species to the site of action, 
it is currently unknown as to how HWI significantly reduced MMP-2 concentrations, with further 
research required.  
 
Plasma IL-6, -8 and -10 were also analysed to further evaluate the effects of PAS and HWI on 
acute inflammation. There were no time or trial effects for any of these measures. Of these, the lack 
of significant effects or change in IL-6 is perhaps the most perplexing. IL-6 has been reported to 
increase post-exercise for several hours [113]. However, the paucity of comparative HWI research 
measuring IL-6 makes comparisons difficult. HWI by itself induced increases in circulating IL-6 and 
TNF-α in rats[55]. Vaile et al. [67] did measure plasma IL-6 in response to an eccentric exercise 
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protocol and contrast water therapy, CWI, HWI, and PAS. However, IL-6 was only measured before 
and after exercise, and at 24 h post exercise. There were no differences in IL-6 between PAS and 
HWI at any time point. Similarly, Vardiman et al. [62] measured muscle IL-6 content in response to 
pre-heating 24 h before eccentric exercise, but only reported the change over 72 hours after pre-
heating. A mild reduction in IL-6 existed at 24 h post exercise, but no further data were presented. 
Future studies investigating post-exercise HWI at different temperatures to the one used in the current 
study could evaluate the acute time course of cytokine expression to determine any relationship. 
 
A minor limitation of the study was the fact due to the parts of the study completed in rooms in 
which temperature was controlled by a central system, room temperature was not always able to be 
controlled. However, any fluctuations in temperature were likely minor and not sufficient to influence 
participants internal physiology in any way. All participants completed all aspects of the study at 
approximately the same time of day, further reducing any potential confounding factors from not 
being able to control room temperature. 
 
Because the current study included many measurement time points, false discovery rate 
calculations were performed post-hoc initial statistical calculations. After running primary statistical 
tests, many variables showed significant time and trial effects. However, after comparing individual 
time points and adjusting for multiple comparisons, many results were not strictly classified as 
statistically significant. Such an example is for IL-10, whereby initial calculations determined that 
IL-10 was significantly lower for HWI compared to PAS at 1 h post recovery (p = 0.017), yet after 
adjusting the acceptable p-value for multiple comparisons, this difference was not statistically 
significant. This effect of non-significance after adjusting for multiple comparisons also influenced 
the results for the squat performance task, MVC, muscle temperature, HSP70, TNF-α, standing and 
squatting soreness, and perceptions of fatigue. These comparisons may have been true significant 
changes if the sample size (n=8) was greater to provide greater statistical power. Various outcomes 
measures were collected at regular intervals in the post-recovery phase to better understand the impact 
of HWI in an acute timeframe. However, invasive measures such as intramuscular temperature, and 
the time commitment of >8 h per trial made it challenging to recruit more people to participate in the 
current study. Time restrictions of completing this PhD also forced the study to conclude after eight 
participants had completed the study in full. Another limitation of the study was that no measurements 
were conducted on subsequent days. Additional assessments as 24 h post-recovery would have 
allowed better comparisons with previous HWI research utilising similar measures [67, 84, 85].  
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In conclusion, HWI did not assist with acute recovery and subsequent performance in this 
instance. Future investigations systematically examining the dose-response between water 
temperature, immersion time, and the resulting physiological and performance responses that may 
enhance recovery from resistance exercise are warranted.  
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Chapter 3 - The effects of hot water immersion on muscle and strength 
adaptations to resistance training.  
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Foreword 
Following on from the acute study presented in Chapter 2, Chapter 3 evaluated the impact of regular 
HWI on muscle mass and strength development when combined with chronic hypertrophy training. 
Previous research has highlighted additional benefits of heat therapy from 24 h onwards. Therefore, 
HWI might convey some beneficial effects during a training program. If HWI could enhance muscle 
mass and strength development from training, this may be of great benefit for sports performance. 
Athletes may be able to accelerate adaptation development rate and subsequently allow more time to 
be dedicated to sport-specific training and technique. Also, the use of HWI may enhance adaptations 
from low-intensity exercise, which would be ideal for older adults and people undergoing 
rehabilitation. As the results from Chapter 2 were not conclusive, the difference in measurements 
conducted in Chapter 3 and for consistency throughout the studies presented in this thesis, the same 
HWI protocol used in Chapter 2 was used in Chapter 3.  
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Introduction 
Resistance training is intended to induce physiological adaptations that assist athletic 
performance. In addition to the exercise itself, other approaches may be incorporated into the training 
program to assist with the process of adaptation. These include increased protein consumption during 
the training period [114] and blood flow restriction training [115]. In terms of enhancing resistance 
exercise induced-adaptations through specific recovery strategies, heat therapy may be an effective 
method. 
 
Recent research from animal models has highlighted the potential benefits of heat therapy 
following muscle trauma. Takeuchi et al. [17] crushed the muscle tissue of rats before applying hot 
water (42°C) in a plastic bag to the site of injury. A control group received the same injury, but no 
treatment. Heat treatment increased the size of regenerating muscle fibres and the rate of muscle 
regeneration, and reduced collagen deposition. Hatade et al. [63] applied the same crush injury and 
heat treatment as that of Takeuchi et al. [17], and found increased protein expression of MyoD at 5 d 
following the injury compared with a non-heat group, and peak MyoG expression in the heat group 
at 3 d following injury, as opposed to peak expression at 4 d in the non-heat group. MyoD and MyoG 
are proteins that contribute to regulation of muscle development and repair [116, 117], so an increase 
in the expression of these proteins, may in turn enhance muscle growth. Finally, Selsby et al. [81] 
immobilised the hind limbs of rats for 7 d to induce atrophy. Heating (thermal blanket, core 
temperature increased to 41.0−41.5°C for 30 min) was applied to one group 24 h before removal of 
the cast, and then on alternative days during a 7 d reloading phase. A control group of rats did not 
receive heating. Heating resulted in a significant increase in soleus muscle growth (as measured by 
muscle weight) and also limited oxidative damage in the muscle (a measured by 4-hydroxy-2-nonel 
and nitrosylated tyrosine residues). Together, these results highlight how heat therapy may enhance 
adaptations to training, by enhancing gene expression, and promoting muscle remodelling. However, 
Frier and Locke [42] showed reduced protein expression of MyoD in rats in the days following 
heating (heat pad, core temp maintained at 42°C, 15 min) and gastrocnemius muscle removal, 
suggesting there is still much to understand how heat may influence recovery and adaptation. 
 
Although the beneficial results from heat treatment were demonstrated in animals, there have also 
been promising results from human trials regarding increasing muscle mass and growth factors with 
the application of heat. Casadio et al. [93] reported increases in the plasma concentration of human 
growth hormone in both males and females following resistance exercise in a heated room. Goto et 
al. [66] demonstrated that the application of long-term heat (heat and steam sheets) in conjunction 
with low-intensity resistance training resulted in higher strength and muscle mass increases in biceps 
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brachii compared with a training only group. Goto et al. [34] also found that heat (heat and steam 
sheets) induced increases in muscle mass of the vastus lateralis and rectus femoris and isometric knee 
extension force when heating was applied during day-to-day activity without any structured exercise. 
These results concur with animal models, showing the benefits of heat therapy on muscle mass 
development, and further highlight the potential for heat to influence strength outcomes. In contrast, 
one study has found no effect of heat on adaptations to resistance training. Stadnyk et al. [92] reported 
that heat pads applied to one leg (contralateral leg serving as non-heated control), during and after 
every resistance training session (30 sessions completed over 12 weeks) did not improve strength or 
muscle mass development any greater than the control leg. The difference in the targeted and trained 
area (e.g. legs vs. arms) and heat therapy methodology (heat pad applied during and after exercise 
compared to before and during exercise) may explain the observed differences between Stadnyk et 
al. [77] and Goto et al [52]. Whilst this conflicting evidence exists, more research is required to fully 
explore the outcomes of heating on adaptations to resistance training.  
 
One suggested reason for the benefits induced by heating is the heat activation of kinases in the 
mTOR signalling pathway. Kinases upstream and downstream of mTOR (and mTOR itself) 
contribute to cell proliferation, growth and eventual muscle hypertrophy [20, 28]. The use of heat has 
increased the phosphorylation (30 min after HWI) of Akt (Ser473) and p70S6K (Thr389) in rats [30], 
and RPS6 (Ser235/236) and mTOR (Ser2448), 4E-BP1(Thr37/46) and p38 MAPK (Thr80/Tyr182), 
1 h after resistance exercise in humans [32]. Considering that these kinases are activated after 
resistance exercise [118], these findings suggest that supplementing heat therapy with resistance 
exercise may further enhance the expression of these kinases post-exercise. 
 
Another marker frequenting heat therapy literature is HSPs. HSPs are known to be important in 
for cell cytoprotection [35], promoting the acute inflammatory time course , assisting with muscle 
regeneration [42] and preventing muscle atrophy during disuse [43] [44]. Resistance exercise has 
shown to upregulate HSPs [47, although the acute response can be blunted in trained individuals, 
perhaps due to an increase in basal HSP levels {Cumming, 2016 #348, 51]. 
 
Results from previous heat therapy studies have demonstrated that heat therapy increases 
intramuscular HSP expression [57]. These studies postulated that heating pre-exercise enhances HSP 
expression to provide a protective effect e.g., on the cellular cytoskeleton that limits exercise-induced 
muscle damage. In turn, this may contribute to enhanced performance and recovery outcomes [11, 
15, 69]. In support of this concept, Nosaka et al. [15] showed that heat treatment applied ~ 20 h before 
an eccentric exercise session significantly improved recovery of maximal isometric strength from 24 
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h post exercise until 96 h post-exercise, compared to an eccentric exercise only group. The reported 
improved recovery of strength by Nosaka et al. [15] may translate to improved long-term training 
adaptations by enhancing the ability of an individual to complete a subsequent training session using 
the same muscle group(s) a few days after the previous training session, as occurs within a training 
environment. 
 
Regarding heating in conjunction with a long-term resistance exercise training program, no 
research has examined the effects of post-exercise heat treatment alone on resistance training 
outcomes. Whilst previous heat therapy literature has demonstrated the positives of heat therapy, 
there are still a number of knowledge gaps that need to be addressed. Both Goto et al. [33] and 
Stadnyk et al. [92] study designs included heating during the resistance exercise itself. No study has 
examined the effects of post-exercise heating alone on adaptations to training. Given the beneficial 
effects observed for muscle recovery following heat therapy after muscle damage [17], and the 
increases in expression of protein associated with muscle growth following heat therapy [30], 
investigations into post-exercise heat therapy is warranted. Further, Goto et al. [33] demonstrated the 
benefits of heat therapy on resistance training-induced adaptations, yet the training program was 
limited to one resistance exercise (elbow flexion and extension). Investigating how heat therapy 
influences training adaptations from a training program more representative of real world practices is 
warranted. Finally, the use of HWI specifically to influence training outcomes has yet to be 
investigated. The use of HWI has many advantages over other heating modalities such as microwave 
diathermy and heat and steam sheets, including greater accessibility and lower costs in terms of time 
commitment and required equipment/facilities. In the sporting environment, HWI would be 
considered more practical than other heating apparatus, especially when athletes might complete 
training camps away from their home base where they may not have access to their regular equipment. 
 
Therefore, the aim of this study was to investigate the effects of regular HWI after resistance 
training on subsequent adaptations to muscle mass development and strength outcomes. It was 
hypothesised that compared with PAS, HWI would significantly enhance muscle mass and strength 
adaptations.  
89 
 
Methods 
Experimental Overview 
This study was a randomised, counterbalanced, controlled trial. The study involved familiarisation 
and baseline testing before participants completed a 10-wk lower body, hypertrophy focussed training 
program. Baseline testing was subsequently repeated approximately 1 week after the conclusion of 
the training program. 
 
Participants 
The participants were recreationally active males and females (height 1.81 ± 0.09 m; body mass 
83.9 ± 12.2 kg; age 23 ± 2.4 years). Participants were included in the study if they were completing, 
or had recently completed, strength training and were healthy with no pre-existing musculoskeletal, 
cardiovascular or neurological conditions, or any other medical condition that was likely to hinder 
their ability to complete the resistance exercise training and performance tests. Participants were 
excluded if they did not meet the above criteria and/or were competing more than 4 h per week of 
cardiovascular exercise. They were medically screened using the Adult Pre-Exercise Screening Tool 
[98]. This study was conducted at The Norwegian School of Sport Sciences in Oslo, Norway. This 
study was reviewed by the Regional Committee for Medical & Health Research Ethics (Section D, 
South East Norway) (IRB reference: IRB00006245) and had ethical approval from the Medical 
Research Ethics Committee at The University of Queensland (#2016000910). 
 
Familiarisation and Baseline Testing Sessions 
Participants completed baseline and familiarisation testing over 3 d. Familiarisation involved the 
participants completing 1-RM for 45° leg press, knee extension and knee flexion. Baseline testing 
involved completing the 1-RM tests, body anthropometry measures (dual x-ray absorptiometry; 
DXA, and magnetic resonance imaging; MRI), and the collection of a resting muscle biopsy. All 
familiarisation and baseline testing aspects were completed at least 7 d prior to the participants’ first 
training session. 
 
Body Anthropometry 
The participants’ height and body mass were recorded. The participants also underwent whole-
body DXA scan to determine their lean muscle mass and fat mass, and MRI scanning of their thighs 
to determine their local muscle mass. 
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1-Repetition Maximum 
The 1-RM for each participant was measured to assess changes in strength from the training 
program. One repetition maximums were calculated for leg press, knee extension and knee flexion 
(Technogym, Italy). The participants completed a 5-min warm-up on a cycle ergometer (Bike Forma, 
TechnoGym, Italy) before the start of the 1-RM testing session. For each exercise, the participants 
completed one warm-up set of 10 reps at approximately 50% of their predicted 1-RM. After 90 s of 
rest, they completed a second warm-up set of three reps at approximately 70% 1-RM. After another 
90 s of rest, the participants completed a third warm-up set of three reps at approximately 80% 1-RM. 
After a final rest period of 90 s, the participants were tested to determine their 1-RM by increasing 
the weight until they were unable to complete the required exercise using the correct technique and 
through the required range of motion (lowest increment 5 kg for leg press, 2.5 kg for knee extension 
and flexion). 
 
Muscle Biopsy 
The pre-training biopsy was collected 7 d prior to the first training session, while the post-training 
biopsy was collected immediately before the last training session. This post-training biopsy was also 
used as the resting, pre-exercise biopsy for Chapter 4. Muscle tissue was collected from the vastus 
lateralis of the participants’ dominant leg, at approximately 1/3 thigh length. Each biopsy was 
collected from separate incisions ~2-3 cm apart. For the collection of muscle tissue, a local anaesthetic 
was injected (Xylocaine (10 mg/ml with 5 µg/ml of adrenalin), AstraZeneca, Australia) before 
making a small incision in the skin and underlying muscle fascia. A 6-mm Bergström needle (Pelomi, 
Denmark), modified to allow for manual suction, was inserted into the incision to collect muscle 
tissue. The tissue sample was first quickly washed in 0.9% sterile saline, before excess connective 
tissue, blood and fat were removed, and the muscle sample was weighed. After weighing, samples 
were either snap frozen in liquid nitrogen (for western blotting analysis) or placed in isopentane 
cooled by dry ice (for immunohistochemistry analysis). Samples for western blotting and 
immunohistochemistry were subsequently transferred to −80 °C for storage.  
 
Experimental Protocol  
A total of 20 participants completed all aspects of familiarisation and baseline testing (10 PAS: 7 
males, 3 females; 10 HWI, 8 males, 2 females) and began the training component of the study. 
Participants were counterbalanced based on the sum of their 1-RM tests performed at baseline, and 
randomised into either the HWI or PAS condition. Randomisation was completed blindly by one of 
the investigators (LR). During the training program, one female from the PAS condition dropped out 
of the study (unspecified reasons). Two males in the HWI condition dropped out due to the re-
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occurrence of (non-declared) old injuries, and another male dropped out due to time commitments. A 
total of 9 participants (7 males, 2 females) remained in the PAS condition, and 7 participants (5 males, 
2 females) remained in the HWI condition for the duration of the study. 
 
After the participants had completed all necessary familiarisation and baseline testing, they started 
a 10-week lower-body resistance training program, with two resistance exercise sessions completed 
per week. Each training session was supervised by one of the investigators (HM or SAS), both of 
whom were knowledgeable and experienced with resistance exercise training programs and were near 
the participants whilst they completed the resistance exercise session and recovery. Supervisor to 
participant ratio was 1:1 or 1:2. 
 
Repetition maximum loads were measured and increased every 2 weeks to maintain overload. 
Following an active warm-up on a cycle ergometer at a self-selected intensity, the participants 
completed the following exercises during each session: 45° leg press, knee extensions, knee flexions, 
dumbbell walking lunges, and a plyometric exercise that changed every 2 weeks (reps and intensities 
outlined in Table 3.1). After each resistance exercise session, participants completed their respective 
recovery protocols.   
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Hot Water Immersion and Passive Recovery 
Participants in the HWI condition immersed themselves in water to the level of their sternum in 
an inflatable bath (iBody, iCoolSport, Australia) for 10 min, with immersion starting within ~5 min 
of each resistance exercise session ending. Water temperature was maintained at ~45°C using an 
external heating device (iLite, iCoolSport, Australia). Participants in the PAS condition completed 
10 min of seated rest within an ambient temperature-controlled room. 
 
Nutrition 
Participants were given protein to supplement hypertrophy-designed training and were asked to 
avoid taking any other supplements through the training period. They had a whey protein isolate drink 
Table 3.1. Outline of exercises completed in 10-week lower body hypertrophy training 
program. RM loads were assessed during the first training session and after every five 
sessions to maintain overload. RMs were determined through participant feedback when 
completing the exercise. 
Exercise Weeks 1, 
3, 5, 7, 9  
Week 2, 4, 
6, 8, 10 
Notes 
45° Leg Press 
8, 8, 10, 
12, 10, 10 
RM 
8, 8, 10, 12, 
10, 10 RM 
Weight increased every two weeks. 
Knee Extension 
12, 12, 12 
RM 
12, 12, 12 
RM 
Weight increased every two weeks. 
Knee Flexion 
12, 12, 12 
RM 
12, 12, 12 
RM 
Weight increased every two weeks. 
Walking dumbbell 
lunges 
10, 12, 14 12, 14, 16 
Dumbbell mass started at 40% of 
participant’s initial body mass. 
Repetitions increased in the second 
week before reverting back the 
following week, but increasing 
dumbbell weight (by 2 kg). This 
cycle was repeated throughout the 
10-week program. 
Plyometric exercise 12, 12, 12 12, 12, 12 
Exercises completed were body mass 
countermovement drop jumps, slow 
eccentric squat jumps (body mass), 
dumbbell split lunge jumps (50% of 
dumbbell mass used during walking 
lunges), countermovement dumbbell 
drop jumps (50% of dumbbell 
walking lunges weight), and 
countermovement dumbbell box 
jumps (50% of dumbbell walking 
lunges weight) 
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containing 21.74 g of protein (WPI, ProteinFabrikken AS, Norway) 1 h before and immediately after 
each of their training sessions. 
 
Dual X-ray Absorptiometry and Magnetic Resonance Imaging 
Body composition was measured by DXA (Lunar iDXA, GE Healthcare, UK) and native software 
(enCORE Software Version 14.10.022, GE Healthcare, UK) after an overnight fast. Lean mass of the 
legs was recorded from the software as measured for “leg” by the software. The lean mass of both 
legs was used for analysis. 
 
Volumetric assessment of the quadriceps of the dominant leg was assessed in a similar manner to 
previous methods [119, 120]. An MRI of the thighs was performed (Magnetom Avanto 1.5T, 
Siemens, Germany). The MRI protocol involved capturing 15 images (5mm thickness), with the 
distance between images divided into 1/15 of the length of the femur. Images were produced using 
software (WB19, Siemens, Germany). MRI images were de-identified for blind assessment. Volume 
was assessed using semi-automated manual segmentation and open source software [121], and then 
converted to lean muscle mass based on a muscle density of 1.04 kgL-1 [122]. 
 
Post-Training Testing 
Measurements of 1-RM, MRI and DXA were repeated 6−7 d after the final training session. 
 
Control Procedures 
The participants refrained from exercise and avoided any stimulants and depressants for 24 h 
before muscle biopsies and baseline strength testing. Throughout the study, the participants were able 
to complete resistance training of the upper body without restriction, however they were asked to 
limit their activity to a maximum of 4 h per week of cardiorespiratory training/sport. 
 
Western Blotting 
Protein content of αB-crystallin and HSP70 was analysed in cytosol and cytoskeletal fractions by 
Western blotting (as they have been shown to respond to resistance exercise training [51]). In brief, 
50 mg of muscle tissue were homogenised using a handheld homogenizer with a rotating generator 
probe (Omni TH220, Omni International Inc., Kennesaw, GA, USA) and fractionated into cytosol 
and cytoskeletal fractions using a commercial fractionation kit, according to the manufacturer’s 
procedures (ProteoExtract Subcellular Proteome Extraction Kit, Cat#539790, Calbiochem; EMD 
Biosciences, Schwalbach, Germany). Protein concentration was assessed with a commercial kit (DC 
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protein assay, 0113, 0114, 0115, Bio-Rad Laboratories, Hercules, CA, USA). Colorimetric intensity 
was measured using a filter photometer (Expert 96, ASYS Hitech, Cambridge, UK) and protein 
concentration was calculated using Kim32 software (ver. 5.45.0.1, Daniel Kittrich, Prague, Czech 
Republic). Depending on the subcellular fraction, 8−30 g of protein were denatured in 1 x laemelli 
buffer with 0.04 % dithiothreitol (625 mM Tris-hydrochloride (HCl), 10% glycerol, 1% lithium 
dodecyl sulfate, 0.005% bromophenol blue) and heated at 70°C for 10 min. Denatured proteins were 
then separated by electrophoresis at 200 V using 4−20% gradient gels (456-8094, Mini-Protean TGX 
Stain-free Gels, Bio-Rad Laboratories) at room temperature in Tris-Glycine-sodiem dodecyl sulfate 
(SDS) buffer (161-0732, Bio-Rad Laboratories). Proteins were transferred to polyvinylidine 
diflouride (PVDF) -membranes (Immuno-Blot PVDF, 162-0177; Bio-Rad Laboratories) at 100 V for 
30 min in ice cold Tris-Glycine buffer (161-0734, Bio-Rad Laboratories) with 10% methanol.  
 
After transfer, the PVDF-membranes were blocked for 2 hours in a 5% fat-free skimmed milk 
dissolved in TBS with 0.1% Tween-20 (TBS-t; TBS, 170-6435, Bio-Rad Laboratories; Tween 20, 
437082Q, VWR International, Radnor, PA; fat-free skim milk, 1.15363; Merck, Darmstadt, 
Germany) at room temperature with gentle agitation. The PVDF-membranes were then incubated in 
antibodies against HSP70 (ADI-SPA-810; Enzo Life Sciences, Farmingdale, NY, USA; 1 mg/ml, dil. 
1:4000) or αB-crystallin (ADI-SPA-222; Enzo Life Sciences; 1 mg/ml, dil. 1:4000) over night at 4°C 
with gentle agitation. After the overnight incubation, the PVDF-membranes was incubated in 
secondary antibodies (31430, Thermo Scientific, Rockford, IL, USA; 0,8 mg/ml, dil. 1:30000) for 1 
h at room temperature with gentle agitation. All antibodies were diluted in 1% fat-free skimmed milk 
dissolved in TBS-t.  
 
After blocking, membranes were washed in TBS-t between stages to remove excess solution. 
Protein bands were visualised using a horse radish peroxidase (HRP)-detection system (Super Signal 
West Dura Extended Duration Substrate, 34076; Thermo Scientific). Chemiluminescence was 
measured using the ChemiDoc MP System (Bio-Rad Laboratories), and the intensities of the protein 
bands were calculated with Image Lab (ver. 5.1, Bio-Rad Laboratories). All samples were analysed 
in duplicate on two separate gels and mean values were used for statistical analysis. Cytoskeletal 
protein levels were normalised against pre-cytosolic levels to show subcellular translocation. 
 
Immunohistochemistry 
Immunohistochemical analysis was conducted for muscle fibre cross sectional area and fibre type 
distribution. In brief, muscle cross-sections (8-µm thickness) were cut at −20°C using a cryostat 
(CM1860 UV, Leica Microsystems GmbH, Nussloch, Germany), mounted on microscope slides 
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(SuperFrost Plus, Thermo Scientific) and subsequently air-dried and stored at −80°C. Muscle sections 
were blocked in 1% bovine serum albumin (BSA)/phosphate buffered saline (PBS) containing 0,05% 
Tween-20 (PBS-t) before incubation overnight at 4°C with primary antibodies against dystrophin 
(Ab15277, Abcam, Cambridge, UK; 0,2 mg/ml, dil. 1:500) and myosin heavy chain II (SC-71, 
developed by Schiaffino, S., obtained by DSHB, Iowa, IA, USA; 11 µg/ml, diluted 1:500 in the 
blocking buffer). After the overnight incubation, the sections were washed 3  5 min in PBS-t solution 
with gentle agitation, followed by incubation for 60 min at room temperature with appropriate 
secondary antibodies (CF488A, 20010 or CF594, 20112, Biotium Inc., Fremont, CA, USA; both 2 
mg/ml, diluted 1:200 diluted in the blocking buffer).  
 
After incubation with secondary antibodies, the sections were again washed 3  5 min before they 
were covered with a coverslip and mounted with ProLong Gold Antifade Reagent containing DAPI 
(P36935; Invitrogen Molecular Probes, Carlsbad, CA, USA). Sections were left to dry overnight at 
room temperature before they were viewed and imaged under the microscope. Muscle sections were 
visualised and micrographed through a 4 0.13 NA air objective (UplanFL N, Olympus Corp.) using 
a high-resolution camera (DP72, Olympus Corp., Tokyo, Japan) mounted on a light microscope 
(BX61, Olympus Corp.) with a fluorescence light source (X-Cite, 120PCQ, EXFO Photonic Solutions 
Inc., Mississauga, ON, Canada). Fibre specific cross-sectional area and fibre type distribution were 
analysed using TEMA software (CheckVision, Hadsund, Denmark). The mean number of fibres 
included in the cross-sectional area analyses were 550 (Range: 229 - 1245). 
 
Statistical Analysis 
Data were checked for normal distribution using the Shapiro-Wilk statistic. If the data were 
normally distributed, a 2-way mixed ANOVA was used. If significant time, condition or time  
condition interactions were evident, then paired Student’s t tests were used to identify significant 
differences within conditions and independent t tests were used to compare between conditions. If 
data were not normally distributed, data were log-transformed and rechecked for normality. If log-
transformed was normally distributed, statistical tests for normally distributed data described above 
were carried out on the log-transformed data. If data were not normally distributed in their log-
transformed state, original raw data were analysed using the non-parametric Friedman’s 2-way 
ANOVA. Wilcoxon-Signed ranked tests were used to identify any significant changes over time, and 
Mann-Whitney U tests to determine differences between conditions. The false discovery rate was 
used to adjust for all multiple comparisons.  
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Data for knee extension and flexion, DXA, MRI, alpha-beta crystallin (αB-crystallin) cytosolic 
and cytoskeletal fractions, HSP70 cytosolic and cytoskeletal fractions, and Type I, II and total cross-
sectional area (CSA) of muscle fibres were analysed using parametric statistics. Data for 45° leg 
press, and Type I % and Type II% of total muscle fibres were analysed using non-parametric statistics. 
Significance was set at p <0.05. Data were analysed using SPSS version 24 (Statistical Package for 
the Social Sciences, IBM, USA). Normally distributed data are presented as mean ± standard 
deviation. Normally distributed data that underwent log-transformation are presented geometric mean 
(95% asymmetric confidence intervals). Non-normally distributed data are presented as median 
(interquartile range). 
 
Results 
All participants completed the required 20 resistance exercise sessions during the training block 
and all testing sessions. 
 
1-RM Strength 
Changes in 1-RM strength for 45° leg press, knee extension, and knee flexion are outlined in 
Figure 3.1. Significant time effects were evident for all 1 RM strength tests (p<0.05 for all). 45° leg 
press (PAS p = 0.015 HWI p = 0.018), knee extension (PAS p = 0.001, HWI p <0.001), and knee 
flexion (PAS p <0.001, HWI p = 0.030) all increased from pre- to post-training. However, there were 
no condition or condition x time interactions for each of the 1-RM measures. 
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Figure 3.1. Change in 1-RM for 45° leg press (A), knee extension (B), and knee flexion (C) (PAS: open circle n = 9; HWI: closed circle n = 7). * denotes 
significantly different (p<0.05) compared with the pre-training value. Leg press data presented as median (interquartile range). Data for knee extension 
and flexion presented as mean ± standard deviation. 
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Body Anthropometry 
Changes in absolute lean muscle mass of the legs as measured by DXA are presented in Figure 
3.2. Absolute leg lean muscle mass increased significantly in both conditions (p<0.05) from pre-to 
post-training (PAS p <0.001, HWI p = 0.001), however there were no condition or time x condition 
effects for the absolute changes. However, when leg lean muscle mass was expressed relative to pre-
training muscle mass, the increase was significantly smaller in the HWI condition compared with the 
PAS condition (p = 0.012) (Figure 3.2).
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Figure 3.2. Absolute leg lean muscle mass (A), relative change in leg lean muscle mass (B) and individual relative changes (C) in leg lean muscle 
mass as measured by DXA. PAS: open circle n = 9; HWI: closed circle n = 7). * denotes significantly different (p<0.05) compared with pre-training 
values. + denotes significant difference between PAS and HWI. Data presented as mean ± standard deviation. 
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Changes in quadriceps muscle volume (as measured by MRI) are presented in Figure 3.3. 
Quadriceps muscle volume significantly increased from pre-training in both conditions at the end of 
the training block (PAS p <0.001, HWI p = 0.013). However, there were no condition differences. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3. Absolute change in quadriceps muscle volume as measured by MRI (PAS: open circle n 
= 9; HWI: closed circle n = 7). * denotes significantly different (p<0.05) compared with pre-training 
values. Data presented as mean ± standard deviation. 
 
 
HSPs 
Changes in expression of αB-crystallin and HSP70 in the cytosolic and cytoskeletal subcellular 
fractions are presented in Figure 3.4 and representative images presented in Table 3.2. There was a 
significant time effect for HSP70 in the HWI condition for the cytosolic fraction, with a significant 
increase in HSP content at post-training compared to pre-training values (p = 0.038). However there 
were no other time, condition or time x condition effects. 
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Figure 3.4. αB-crystallin cytosolic (A) and cytoskeletal fractions (C) and HSP70 cytosolic (B) and 
cytoskeletal fractions (D) as measured by western blots. (PAS: open circle n = 9; HWI: closed circle 
n = 7). * denotes significantly different (p<0.05) compared with pre-training values. Data presented 
as mean ± standard deviation. Cytoskeletal values presented as a percent of the cytosol pre time 
point value.  
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Table 3.2. Representative images of western blots of heat shock protein and αB-crystallin. 
Loading order for samples was randomized for each gel. 
Protein 
PAS HWI 
Pre Post Pre Post 
HSP70 cytosolic 
fraction 
    
HSP70 cytoskeletal 
fraction 
  
  
αB-crystallin cytosolic 
fraction 
    
αB-crystallin 
cytoskeletal fraction 
    
 
 
 
Muscle Fibre Cross-Sectional Area and Type 
Data for muscle fibre CSA (specific to fibre type and total) and fibre type as a percentage of total 
are presented in Tables 3.3 and 3.4 respectively. There were no significant time condition or time x 
condition effects. 
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Table 3.4 Percent of fibre types. (PAS n = 9; HWI n = 7). Data for Type I % of total is presented as geometric mean (95% 
confidence interval). Data for Type II % of total is presented as median (interquartile range). * indicates p value determined by 
Freidman’s test.  
 Type I % of Total Type II % of Total 
 
Pre Post 
p value (time, 
trial, time x 
trial) 
Pre Post 
p value 
(time, trial, 
time x trial) 
PAS 37 (7 – 8) 36 (13 - 16) 0.542, 
0.408, 0.412 
62 (56 – 66) 59 (49 – 73) PAS 0.317* 
HWI 37 (7 – 9) 61 (10 – 12) 64 (61 – 67) 59 (45 – 62) HWI 0.257* 
 
Table 3.3 Cross sectional area (µm2) of muscle fibres pre- and post-training. (PAS n = 9; HWI n = 7). Data presented as mean ± standard deviation. 
 Type I Type II Total 
 
Pre Post 
p value 
(time, trial, 
time x trial) 
Pre Post 
p value 
(time, trial, 
time x trial) 
Pre Post 
p value 
(time, trial, 
time x trial) 
PAS 4939 ± 1890 4802 ± 943 0.596, 
0.540, 0.337 
6903 ± 3330 6658 ± 1487 0.599, 
0.599, 0.256 
6162 ± 2896 5965 ± 1319 0.598, 
0.943, 0.242 
HWI 5389 ± 1179 6151 ± 1882 5809 ± 943 7007 ± 2273 5713 ± 949 6729 ± 2144 
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Discussion 
The aim of this study was to evaluate the effects of HWI on muscle mass and strength outcomes 
from a 10-week lower body hypertrophy training block. The results show that there was no difference 
in improvements of strength between HWI and PAS, and no difference between the conditions in 
terms of increases in absolute muscle mass. However, when examining leg lean muscle mass 
increases relative to body mass, HWI significantly attenuated the increase in muscle mass. These 
results contradict the hypothesis and suggest that the HWI protocol implemented in the current study 
does not enhance muscle growth and strength adaptations. 
 
Limited research exists on human muscle responses to heating regarding developing adaptations. 
Goto et al. [33] applied heating to participants of an unknown training status before, and during each 
training session of a 10-week training program. Heat and steam sheets were applied to one arm 30 
min before and then during the 30-min resistance exercise session (three sets, 30 reps, elbow 
extension-flexion, 4 d/week for 10 weeks). Heating resulted in significant increases in biceps brachii 
cross-sectional area (CSA) (as measured by computer tomography) and flexion torque. There were 
no significant differences observed for these measures in the contralateral, non-heated, control arm. 
In another study by the same group, Goto et al. [34] found that heat treatment (heat and steam sheets, 
worn on the thigh for 8 h/d, 4 d/week for 10 weeks) increased quadriceps CSA and mean isometric 
torque during knee extension in untrained participants. The non-heated leg (randomly selected) did 
not show any significant changes in CSA or strength. Participants were instructed not to complete 
any exercise during the 10-week block; thus, the authors reported the significant effects observed 
resulted from the application of the heat stress. 
 
In contrast with these findings, the present results showed no differences in strength or muscle 
mass increases, but there was significant increase in relative muscle mass for the PAS condition 
compared with the HWI condition. Our results are similar with those of Stadnyk et al. [92] who 
reported no beneficial effect of heating (heat pads applied during and after each resistance exercise 
session) on muscle and strength adaptations following 12 weeks of resistance training.  
 
Although both studies by Goto et al. [33, 34] are different from the current study, it is interesting 
to note the differences in muscle mass response to heating. The use of heating before and during 
resistance exercise (as done by Goto et al. [33]) was different to the method of post-exercise heating 
used in the current study, as was the equipment used (heat and steam sheets as opposed to HWI) and 
the use of subjects who acted as their own controls (with one arm receiving the heat treatment and 
the opposite arm acting as the control. Similarly, Stadnyk et al. [92] used a control limb and a heated 
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limb to evaluate the effects of heat on adaptations to training. Although the use of subjects as their 
own control is certainly a more powerful research design, independent conditions were selected in 
the current study to eliminate any systemic/contralateral effects that may have occurred by having 
subjects act as their own control. Unfortunately, using an independent conditions study design made 
it difficult to continue participant recruitment when participants dropped out. Subsequently, this study 
may not have had the statistical power to identify any true effect, which makes it difficult to compare 
the results of the current study to previous similar studies.  
 
Research to date has demonstrated the beneficial effects of heat treatment (in both animal and 
human models) on muscle regeneration and hypertrophy. Yet few studies have investigated the 
optimum temperature to elicit these responses. Guo et al. [64] found temperature-dependent effects 
in cell cultures of rat muscle cells. Muscle cell width, length and density during cell differentiation 
were greater after exposure to 39°C versus 37°C, as was the expression of genes associated with 
myogenesis and myofibrillogenesis. However, muscle cell width, length, and density (during cell 
differentiation) were lower, and myogenesis and myofibrillogenesis gene expression were reduced at 
41°C. Additionally, the expression of genes associated with muscle atrophy (e.g. FOXO3) was 
increased at 41°C compared with 37°C. In rats, Yoshihara et al. [30] found a temperature-dependent 
increase in Akt (Ser473) and p70S6K (Thr 389) muscle expression after rats were exposed to water 
temperatures from 37−41°C. However, this effect was not seen for the expression of mTOR (Ser2448) 
or 4E-BP1 (Thr37/46). Although there were no significant differences in the expression of mTOR or 
4E-BP1 between any of the temperatures or control (no heat stress) conditions, mTOR muscle 
expression was non-significantly lower in rats exposed to 37, 38 39 and 40°C water versus rats in the 
control (no heat treatments).  The obvious differences in human and rat physiology (e.g. body area to 
body mass ratio, thickness of skin and muscle) must be considered, yet these results contrast with the 
outcomes of the current study, whereby HWI did not produce any greater gains in muscle mass 
compared with PAS.  
 
The water temperature of the bath used in the current study (i.e. ~45°C) possibly produced too 
great a stress on the body to promote greater gains in muscle mass and strength. Cameron et al. [123] 
showed that an increased body temperature beyond the normal body temperature (i.e. ~37°C) leads 
to cortisol release from its corticosteroid binding globulin binding site [123]. Circulating cortisol 
concentrations also increases in both athletes and non-athletes following a sauna [124]. Expression 
of p70S6K (Thr389) has been negatively correlated with cortisol in humans following resistance 
exercise, leading to Spiering et al. [125] to postulate that an exercise-induced increase in cortisol may 
potentially inhibit increases in p70S6K (Thr389) phosphorylation. p70S6K expression is strongly 
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correlated with muscle hypertrophic responses [29]. As such, enhanced cortisol expression from 
increased body temperature may inhibit myogenesis. The use of HWI covers a far greater surface area 
than other heating devices and therefore may have caused a greater acute systemic increase in cortisol. 
In turn, this response may have limited muscle growth in the current study. Future research should 
measure cortisol responses to heat exposure to investigate this potential effect. 
 
HSPs are often reported to increase in response to resistance exercise [47, 49] to heat treatment 
[57] or when heat has been applied before exercise [79]. Additionally, strength training elevated 
HSP27, HSP70 and B-crystallin in the vastus lateralis [51] and increased HSP27 in the cytoskeletal 
fraction following strength training [49]. Therefore, a combination of strength training and heat 
therapy may increase basal expression of HSPs. The expression of HSP70 in muscle after training in 
the HWI condition increased significantly in the cytosol fraction compared with the PAS condition. 
The expression of B-crystallin did not change after training in either condition. This is the first study 
to compare the effects of regular HWI on chronic changes in HSP expression in muscle. Paulsen et 
al. [51] showed an increase in HSP27, 70 and B-crystallin following 11 weeks of resistance training 
in untrained participants. Morton et al. [50] reported that aerobically training participants had 
increased basal levels of HSP60, and B-crystallin compared with untrained people. Liu et al. [126] 
found an increase in muscle expression of HSP70 in elite rowers after 4 weeks of training. 
Additionally, Vogt et al. [127] found an increase in HSP70 expression in untrained people after a 6-
week high-intensity training block conducted at normal and simulated hypoxic conditions. However, 
there was no increase in HSP70 expression when training was conducted at a low-intensity (both in 
normal and simulated hypoxic conditions). Participants in the current study completed resistance 
training for 10 weeks, and yet only the HWI condition showed a significant increase in HSP 
expression after the training block. Therefore, the hot water recovery implemented in this study may 
have contributed to the increase in basal expression of HSP70. Although there was a significant 
increase in basal expression of HSP70, there were no significant differences in increases of gross 
muscle mass and strength between PAS and HWI (PAS condition had significantly higher relative 
leg muscle mass increase compared to HWI condition only), which therefore leaves the significance 
of the increase in basal HSP70 to be determined. 
 
Both PAS and HWI conditions increased muscle mass and strength, which highlights that the 
training protocol was effective. Additionally, the use of a training block more representative of 
training sessions (as opposed to eccentric exercise, or a single resistance exercise only), the use of 
widely accessible heat source (HWI), the use of muscle biopsies and trained subjects gives strength 
to the current study. However, there were a number of limitations for this study.  
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Limitations of the study included the small sample size (n = 16), and the imbalance between the 
two conditions (i.e. PAS n = 9, HWI n = 7). Two participants withdrew from the study mid-way 
through the training block, which caused the imbalance between the two conditions. In turn this likely 
reduced the statistical power of the study, which may have the limited the ability to detect a true effect 
of HWI. Having mixed gender conditions is also a limitation of the study, as this may have contributed 
to the variability in the results. Metcalf et al. [128] showed sex differences in response to resistance 
exercise. Additionally, Morton et al. [94] reported gender differences in the adaptations of HSPs 
following a training intervention. Together these results may have further increased the variability in 
the results. 
 
 One other potential limitation of the study was the use of participants who may not be regularly 
exposed to high environmental temperatures. Therefore, the HWI protocol may have induced a high 
stress response in those people not accustomed to high temperatures, which in turn may have 
influenced exercise-induced adaptations. Another limitation of the study was the compliance check 
were not undertaken for participants’ exercise outside of the study (i.e. participants were instructed 
not to complete any other lower body resistance training or more than 4 hours of aerobic activity per 
week). 
 
In summary, both PAS and HWI increased strength and muscles mass, however there were no 
differences between the two conditions. Future studies could examine the effects of other heating 
modalities on outcomes from strength training (more representative of real world practices) to 
determine if any variation exists between the various heat therapies. Additionally, as stated, 
evaluating the response to training using different temperatures is warranted to determine whether 
there exists an optimal temperature to promote muscle mass growth and strength development.  
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Chapter 4: The acute effects of post-exercise hot water immersion on muscle 
inflammation and hypertrophy markers  
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Foreword 
Chapter 3 assessed post-exercise HWI on adaptations to training. Chapter 4 will investigate the acute 
effects of a single bout of HWI on molecular responses in muscle. Heat therapy has previously been 
reported to increase proteins and gene expression associated with muscle hypertrophy. However, how 
these molecular, hypertrophic regulatory factors respond to HWI has yet to be fully explored. 
Identifying how HWI influenced the molecular processes for muscle hypertrophy and strength, while 
also evaluating its effects on markers of atrophy and inflammation, may help to explain the effects of 
regular HWI on muscular adaptations to chronic training.  
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Introduction 
A range of factors contribute to muscle hypertrophy; from specific resistance exercise regimes 
and nutritional practices and aids on a systemic level, to manipulating the response of myogenic 
factors at the molecular level. Recent investigations into heat therapy has demonstrated that heat may 
be used to positively influence molecular factors responsible for hypertrophy. Hatade et al. [63] 
induced a crush injury in rat muscle before applying heat, and observed that the expression of the 
myogenic regulatory factors MyoD and MyoG, activation of Pax7+ satellite cells and formation of 
dystrophin (as a marker of regeneration) was more rapid in heat-treated versus control rats. 
Furthermore, Guo et al. [64] exposed rodent C2C12 myoblast cells to various hot ambient air 
temperatures and found certain temperatures to be an optimal hyperthermic stress to increase the 
densities of myotubes and the expression of a range of myogenic factors, including the expression of 
genes associated with myofibrillogenesis.  
 
In addition to increased myogenic gene expression from heating, mTOR and its up- and 
downstream targets (known for their role in muscle cell growth and proliferation [20]) have been 
shown to increase in response to heating. Yoshihara et al. [30] subjected rats to a range of hot water 
temperatures, and subsequently showed that phosphorylation of Akt and p70S6K was significantly 
higher in heat-stress rats compared with non-heated control animals. Human heat and exercise models 
have also produced similar effects. Casadio et al. [94] reported increases in the plasma concentration 
of human growth hormone following resistance exercise in a heated room. Kakigi et al. [32] 
demonstrated increased phosphorylation of Akt, mTOR, and RPS6 at 1 h post-exercise in heat-treated 
subjects compared with a resistance exercise only group. Although these results are promising, it 
should be noted that Kakigi et al. [32] applied their heat treatment 20 min before and during the 
resistance exercise task. Together, these results show the potential for heating to positively enhance 
myogenic responses with the human body. 
 
Another influence on muscle growth is the process of inflammation. Exercise is known to induce 
an inflammatory response, and as shown by Ihalainen et al. [129], the inflammatory response 
increases with the intensity of the exercise and the necessary metabolic expenditure to complete the 
activity. The inflammatory response is a stress that the body must overcome to ensure optimal 
functioning. Exercise induces an acute phase response, which involves an increase in pro-
inflammatory cytokines e.g., TNF-α, and IL-1β and anti-inflammatory cytokines e.g., IL-1 receptor 
antagonist, and IL-4 [130, 131]. Together, these proteins repair the injured tissue and limit the 
duration of the exercise-induced inflammatory response [130]. Effective management of 
inflammation will assist the body return to an optimal state of functioning. Takeuchi et al. [17] showed 
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that heat therapy after trauma in rats increased the rate of infiltration of ED1+ macrophages compared 
with non-treated controls. In humans, Vardiman et al. [62] applied pre-heating (microwave 
diathermy, 40 min, wattage not stated) 24 hours before an eccentric exercise protocol. The authors 
reported muscle expression of IL-6 was significantly lower in the heat group at 48 h after eccentric 
exercise compared to baseline whereas the expression of IL-6 did not change in the non-heated control 
group. Further, the control group reported significant increases in TNF-α muscle expression in the 
days following exercise, whereas TNF-α muscle expression in the heated group did not change. 
Therefore, decreasing the overall time for the acute inflammatory phase following exercise via heat 
therapy strategies may assist with a faster recovery. 
 
Finally, the role of HSPs must not be ignored when examining the acute time course post-exercise. 
HSPs are a group of proteins that have various functions, including cell cytoprotection, cell signalling, 
and preventing protein denaturation [36, 38]. HSP expression is upregulated under conditions of stress 
to help protect cells against stress [36], play important roles in protecting the muscle from damage 
and muscle recovery [41] promoting the acute inflammatory response following muscle damage, and 
muscle regeneration which may help to assist with muscular adaptations [43]. Further, HSPs have 
been reported to upregulate in response to exercise [45-49] and from heat therapy [57, 58]. HWI is 
one type of heating, however how it influences the HSP response has been investigated minimally. 
Morton et al. [60] used a HWI protocol (45°C, 1 h, one leg immersed with other serving as a control) 
to increase core temperature and the temperature of the vastus lateralis to temperatures that occur 
from moderately demanding aerobic exercise protocol. Muscle biopsies collected at 48 h and 7 d post 
heating showed no significant increase in muscle content of a range of HSPs including HSP70 and 
αB-crystallin. However, this study measured heat alone, and not combined with exercise. Therefore, 
investigations into the HSP response to resistance exercise and HWI are warranted. 
 
HWI provides a cheaper, more accessible and more time-friendly heat treatment than other heat 
treatments. Therefore, the aim of this study was to evaluate the effects of HWI on the post-exercise 
myogenic, atrophic and inflammatory responses from a hypertrophy focussed training session. HWI 
was hypothesised to enhance myogenic responses, and limit atrophic and inflammatory responses 
compared with people who completed PAS. 
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Methods 
Participants  
This study was completed in conjunction with Chapter 3, with the participants’ last training 
session used to study the acute effects of hot water immersion after a single resistance exercise 
session. As such, participants completed an identical training to their first training session of week 10 
of their training, and were already assigned to a specific recovery condition. From the participants 
who completed the study outlined in Chapter 3, one female declined to participate in the current study 
due to the requirement for an additional 3 muscle biopsies. Therefore, nine participants (seven males 
and two females) completed testing requirements for the PAS condition, and six participants (five 
males and one female) completed testing requirements for the HWI condition. Participants were 
instructed not to complete any other exercise throughout the duration of this study, and participants 
were informed of their involvement in this study prior to commencing the training study. This study 
was reviewed under the same ethical review for Chapter 3 (IRB reference: IRB00006245, UQ 
approval number #2016000910). 
 
Experimental Protocol 
An outline of the experimental protocol is presented in Figure 4.1. The resistance exercise session 
was completed approximately 2 d after the participants’ previous training session. On the morning of 
the resistance exercise session, approximately 2 h before their first muscle biopsy, the participants 
consumed a standardised meal (yoghurt, cheese and crackers, fruit and chocolate bar, and a protein 
shake). The standardised meal contained protein equal to 0.4/kg of body mass (body mass assessed 
after their first training session of the week), with the meal totalling 5.96 kcal/kg of body mass. 
Participants reported to the lab for a pre-exercise muscle biopsy. 
 
Figure 4.1. Timeline of events for the current study. The resistance exercise session was the 
participants’ last training session of the chronic training study (Chapter 3), with the recovery session 
lasting for 10 min. The third and fourth muscle biopsies were collected 24 and 48 h after the end of 
the recovery. PRO = protein shake. 
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Immediately after the training session, participants consumed a protein shake before completing 
their assigned HWI or PAS recovery intervention (as completed during the training study). Following 
the recovery period, participants rested quietly, before another biopsy was collected 2 h after the end 
of the recovery intervention. Participants reported back to the lab at 24 h and 48 h, for two additional 
muscle biopsies so to evaluate any change in protein content and gene expression over an extended 
acute timeframe. Participants consumed the same standardised meal 2 h before these follow-up 
muscle biopsies. 
 
Exercise Session 
In short, after a 10-min warmup on a cycle ergometer (Bike Forma, TechnoGym) at a ‘self-
selected’ low intensity, participants completed 45° leg press, knee extension, knee flexion, walking 
dumbbell lunges and countermovement dumbbell box jumps (sets, reps, and intensity are presented 
in Table 4.1). Participants had 90 s rest between sets and 3 min rest between exercises. Following the 
end of training and after consuming a protein shake, participants completed their allocated recovery.  
 
 
Table 4.1. Training session completed by participants. Participants completed 10-min 
warmup in a cycle ergometer at a self-selected intensity before starting the training 
program.  
Exercise Reps and Intensities 
45° leg press 8, 8, 10, 12, 10, 10 reps for each of the six 
sets. Intensity was relevant repetition 
maximum (RM). 
Knee extension 3 sets at 12 RM intensity. 
Knee Flexion 3 sets at 12 RM intensity. 
Walking dumbbell lunges 12, 14, 16 reps for each of the three sets. 
Intensity was body mass (measured before 
training block) + dumbbells (40% of body 
mass + 8 kg). 
Countermovement dumbbell box jumps 3 sets of 12 reps. Intensity was body mass + 
50% of dumbbell mass used in lunges. 
 
 
Hot Water Immersion and Passive Recovery 
Participants in the HWI condition immersed themselves in water to the level of their sternum in 
an inflatable bath (iBody, iCoolSport, Australia) for 10 min. Water temperature was maintained at 
45°C using an external heating device (iLite, iCoolSport, Australia). Participants in the passive 
recovery completed 10 min of seated rest within a temperature-controlled room. 
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Nutrition 
As outlined, participants were given a standardised meal to consume 2 h before the baseline, 24 
and 48 h muscle biopsies. They had a serve of protein (whey protein isolate drink containing 0.4 g 
proteinkg-1 of body mass (WPI, ProteinFabrikken AS, Norway) after their training session, and were 
asked to consume a total of 1.5 g proteinkg-1 of body mass per day for the 48 h after the training 
session. During the period between end of recovery and the 2 h muscle biopsy, participants fasted but 
had unrestricted access to water. 
 
Muscle Biopsy 
Muscle biopsies were collected 2 h prior to the training session and 2, 24 and 48 h after the end 
of the recovery period. Muscle tissue was taken from the vastus lateralis of the participants’ dominant 
leg for the pre-training and 2 h muscle biopsy, and from their non-dominant leg for the 24 and 48 h 
biopsies. For the collection of muscle tissue, local anaesthetic was applied (Xylocaine (10mg/ml with 
5µg/ml of adrenalin), AstraZeneca, Australia) before making a small incision in the muscle. A 6-mm 
Bergström needle (Pelomi, Denmark), modified to allow for manual suction, was inserted into the 
incision to collect muscle tissue. The same incision was used for the biopsy for the pre-training and 
2 h muscle biopsies, whereas new incisions were made for the 24 and 48 h biopsies. When multiple 
biopsies were collected in close proximity (or using the same incision), muscle biopsies were 
collected in opposite directions (i.e., proximal or distal to the hip) to maximise the distance between 
collection sites to reduce any potential influence from the previous biopsy on cell signalling and 
inflammation on the following biopsy (a similar method has been previously published [132]). Tissue 
samples were first quickly washed in 0.9% sterile saline, then any excess connective tissue, blood 
and fat were removed before the muscle sample was weighed. After weighing, samples were either 
placed in liquid nitrogen (for Western blotting analysis), or cooled in a container containing 
isopentane, which rested on top of dry ice (for immunohistochemistry analysis). Homogenate and 
immunohistochemistry samples were stored at −80 °C and mRNA samples were stored at 4°C for 24 
h and then transferred to −20°C for future analysis. All biopsy samples were stored in RNAlater® 
(ThermoFisher Scientific, USA). 
 
Western Blotting for Myogenic Proteins 
Approximately 40−50 mg of frozen muscle tissue were placed in homogenisation buffer (10 
μL/mg 25 mM Tris 0.5% v/v Triton X-100) containing protease and phosphatase inhibitors (HaltTM 
Protease and Phosphatase Inhibitor Cocktail #78442, Thermo Scientific, USA), and homogenised for 
four sets of 60 s (5 s rest between sets) at 20 Hz (OMNI Bead Ruptor, Omni International Kennesaw, 
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USA). Samples were then centrifuged at 15,000  g for 10 min at 4°C to remove cell debris. The 
supernatant was transferred into a fresh tube and total protein was determined using a kit according 
to the manufacturer’s instructions (Pierce BCA Protein Assay Kit, #23225, Thermo Scientific, USA). 
Tissue protein lysates were frozen at −80°C until Western blot analysis was performed. 
 
Aliquots of 20 µg protein homogenate were suspended in buffer (1 Laemmli, 10% glycerol, 2% 
SDS, 0.25% bromophenol blue, 400 mM dithiothreitol, 0.5 M Tris-HCl (pH 6.8), and boiled at 95°C 
for 5 min. 20 µg of denatured proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE, 10, 12 and 18% self-cast gels). Proteins were transferred to a PVDF 
membrane using TransBlot semidry transfer apparatus (BioRad, USA). Cycle properties were 10 min 
at 25 V and 2.5A. Membranes were rehydrated in TBS-t and blocked in 5% BSA/TBS-t for 1 h. 
Membranes were incubated overnight at 4ºC with primary antibodies diluted in blocking buffer, under 
gentle agitation. Antibodies used are listed in Table 4.2. All antibodies were diluted in the blocking 
buffer. 
 
 
116 
 
Table 4.2 Antibodies used in myogenic protein analysis 
Protein Ratio Company 
Catalogue 
Number 
Phosphorylated ribosomal protein S6 kinase beta-1 Thr 421/Ser 424 (p-P70S6K (421/424)) 1:1000 Cell Signalling #9204 
Total ribosomal protein S6 kinase beta-1 (t-P70S6K) 1:1000 Cell Signalling #2708 
Phosphorylated ribosomal protein S6 Ser 240/244 (p-RPS6 (240/244)) 1:1000 Cell Signalling #2215 
Phosphorylated ribosomal protein S6 Ser 235/236 (p-RPS6 (235/236)) 1:1000 Cell Signalling #4856 
Total ribosomal protein S6 (t-RPS6) 1:1000 Cell Signalling #2317 
Phosphorylated protein kinase B Thr 308 (p-AKT (308)) 1:1000 Cell Signalling #4056 
Phosphorylated protein kinase B Ser 473 (p-AKT (473)) 1:1000 Cell Signalling #9271 
Total protein kinase B (t-AKT) 1:1000 Cell Signalling #2920 
Eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1) 1:1000 Cell Signalling #9644 
Phosphorylated eukaryotic translation initiation factor 4E Ser 209 (p-EIF4E (209)) 1:1000 Cell Signalling #9741 
Total eukaryotic translation initiation factor 4E (t-EIF4E) 1:1000 
Santa Cruz 
Biotechnology 
#Sc-9976 
Phosphorylated extracellular signal regulated kinases 1-2 (p-ERK (1/2)) 1:2000 Cell Signalling #4370 
Total extracellular signal regulated kinases (t-ERK) 1:1000 Cell Signalling #4696 
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The following morning, membranes were washed five times in TBS-t for 5 min per wash. Membranes 
were incubated with either anti-mouse or anti-rabbit antibodies linked to a horseradish peroxidase 
secondary antibody (1:10,000) for 1 h at room temperature, under gentle agitation. Membranes were 
washed five times in TBS-t for 5 min per wash. Protein bands were visualised using enhanced 
chemiluminescence reagent (ECL Select Kit; GE Healthcare, UK), and images were captured using a 
ChemiDoc MP Imaging System (Bio-Rad, USA). Densitometry band analysis was performed using 
ImageJ software (NIH, USA). Protein bands were normalised to a loading control sample included on 
each individual gel, to control for inter-gel variation. Protein loading was normalised to Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (1:10000, Abcam, #9484). 
 
Western Blots for HSPs 
Protein content of αB-crystallin and HSP70 were analysed in cytosol and cytoskeletal fractions with 
western blotting. Methodology has been previously been reported in Chapter 3.  
 
Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 
Muscle samples were thawed, RNAlater® extracted from sample tubes before transferring samples 
into new tubes for homogenisation.  Approximately 20 mg of the muscle tissue were placed into a lysis 
buffer before homogenisation (same settings as protein homogenation for myogenic proteins) (OMNI 
Bead Ruptor, Omni International Kennesaw, USA). Total ribonucleic acid (RNA) was extracted using a 
kit (AllPrep DNA/RNA/miRNA Universal Kit, Qiagen GmbH, Germany) according to the 
manufacturer’s instructions. Total RNA concentration and purity was measured using a nanophotometer 
(ND600, Implen, Germany). Complementary deoxyribonucleic acid (cDNA) was produced using a kit 
according to the manufacturer’s instructions (High-Capacity RNA-to-cDNA kit, Life Technologies, 
USA). 
 
qRT-PCR was completed on a LightCycler 480 II (Roche Applied Science, Germany), using a master 
mix (SYBR Green I, Roche Applied Science, Germany) and standard cycling conditions as per the 
manufacturer’s recommendations. Samples and reference genes were analysed in duplicate. Relative 
gene expression was calculated using the 2-CT method [133] and normalised to geometric means of the 
housekeeper genes β2 Microglobin (B2M), Peptidylprolyl Isomerase A (PPIA), Hypoxanthine 
phosphoribosyl transferase (HPRT1), charged multivesicular body protein 2A (CHMP2A), Chromosome 
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1 open reading frame 43 (CLORF43) and Valosin containing protein (VCP). Target gene primer 
sequences are list in Table 4.3. 
 
Statistical Analysis 
Data were checked for normal distribution using the Shapiro-Wilk statistic. If the data were normally 
distributed, repeated measures 2-way ANOVA was used. If significant time, condition or time  
condition interactions were evident, then paired Student’s t tests were used to identify significant 
differences within conditions, and independent t tests were used to compare between conditions. If data 
were not normally distributed, these data were log-transformed and rechecked for normality. If log-
transformed data were normally distributed, statistical tests for normally distributed data described above 
were carried out on the log-transformed data. If data were not normally distributed in log-transformed 
state, original raw data were analysed using the non-parametric Friedman’s 2-way ANOVA. Wilcoxon-
Signed ranked tests were used to identify any significant changes over time, and Mann-Whitney U tests 
to determine differences between conditions. The false discovery rate was used to adjust for all multiple 
comparisons.  
 
Data for p-ERK1/2, t-ERK, t-EIF4E, p-P70S6K (421/424), p-AKT (Thr308), p-RPS6 (240/244), p-
RPS6 (235/236), p-AKT (Ser473), t-AKT, MyoD, NGF, IL-1B, Atrogin-1, cluster of differentiation 11B 
(CD11B), CD163, CD206, CCL4, Cxcl2, HSP70, and αB-crystallin cytosol fraction were analysed using 
parametric statistics. Data for p-EIF4E, 4E-BP1 (alpha-delta), IL-6, MuRF1, MyoG, Myostatin, FOXO3, 
CD68, TNF-α, HSP70 cytosol fraction, and HSP70 and αB-crystallin cytoskeletal fractions were 
analysed using non-parametric statistics. 
 
Significance was set at p <0.05. Data were analysed SPSS version 24 (Statistical Package for the 
Social Sciences, IBM, USA). Normally distributed data are presented as mean ± standard deviation. 
Normally distributed data that underwent log-transformation are presented geometric mean (95% 
asymmetric confidence intervals). Non-normally distributed data are presented as median (interquartile 
range). 
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Table 4.3. Forward and reverse sequences for genes analysed by qRT-PCR method. Muscle RING-
finger protein-1 (MuRF1), Myogenic differentiation (MyoD), myogenin (MyoG), nerve growth 
factor (NGF), interleukin-1 beta (IL-1β) interleukin-6 (IL-6), Forkhead box O3 (FOXO3), cluster 
of differentiation 11B (CD11B), 68 (CD68) 163 (CD163), 206 (CD206), chemokine (C-X-C motif) 
ligand 2 (Cxcl2), chemokine (C-C motif) ligand 4 (CCL4). 
 Gene Forward Reverse 
Myostatin CTACAACGGAAACAATCATTACCA GTTTCAGAGATCGGATTCCAGTAT 
Atrogin1 GCAGCTGAACAACATTCAGATCAC CAGCCTCTGCATGATGTTCAGT 
Murf1 CCTGAGAGCCATTGACTTTGG CTTCCCTTCTGTGGACTCTTCCT 
MyoD CGGCATGATGGACTACAGCG CAGGCAGTCTAGGCTCGAC 
MyoG GGCCAAACTTTTGCAGTGAATATT TCGGATGGCAGCTTTACAAACAAC 
NGF GAGCGCAGCGAGTTTTGG TGGCCAGGATAGAAAGCTGC 
IL-1β TTCGAGGCACAAGGCACAA TGGCTGCTTCAGACACTTGAG 
IL-6 TCAATGAGGAGACTTGCCTGG GGGTCAGGGGTGGTTATTGC 
FOXO3 TGAACGTGGGGAACTTCACT GTGTCAGTTTGAGGGTCTGC 
CD11B TCAGGTGGTGAAAGGCAAGG  ATCTGTCCTTCTCTTAGCCGA 
CD68 GCTACTGGCAGCCCAGG CGTGAAGGATGGCAGCAAAG 
CD163 GCGGCTTGCAGTTTCCTCAA  CTGAAATCAGCTGACTCATGGGA 
CD206 CGATCCGACCCTTCCTTGAC TGTCTCCGCTTCATGCCAT 
HSP70 TGTTCCGTTTCCAGCCCCCAA GGGCTTGTCTCCGTCGTTGAT 
TNF-α AGCCCATGTTGTAGCAAACC TGAGGTACAGGCCCTCTGAT 
Cxcl2 GAAAGCTTGTCTCAACCCCG TGGTCAGTTGGATTTGCCATTTT 
CCL4 CTCCCAGCCAGCTGTGGTATTC CCAGGATTCACTGGGATCAGC 
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Results 
All participants completed all required testing or this study. 
 
Markers of hypertrophy and atrophy 
Significant time effects (p<0.05) were evident for several genes in relation to pre-exercise values. In 
the PAS condition, MuRF1 was significantly higher at 48 h compared with pre-exercise (p = 0.008), and 
atrogin-1 was significantly lower in the PAS condition at 24 h (p = 0.001) and 48 h (p = 0.004), compared 
with pre-exercise (Figure 4.2). There were no significant time, condition or time x condition effects for 
any other genes (Table 4.4) or proteins (Table 4.5) associated with hypertrophy or atrophy.  
 
Markers of inflammation and stress 
Significant time and condition effects (p<0.05) were evident for gene expression of IL-6. The PAS 
condition had significantly lower IL-6 expression at 2 h compared with pre-exercise (p = 0.01), and gene 
expression was significantly lower than HWI at 24 h (p = 0.012) and 48 h (p = 0.002). IL-1B expression 
was significantly higher in both conditions at 2 h compared with pre-exercise (PAS p = 0.001, HWI p = 
<0.001). Cxcl2 mRNA expression was significantly higher in PAS at 2 h (p = 0.01) compared with pre-
exercise. HSP70 gene expression was significantly increased in PAS at 2 h (p = 0.003) compared with 
pre-exercise (Figure 4.3). 
 
Representations of western blots are presented in Table 4.6. There were significant time effects 
(p<0.05) for αB-crystallin protein content in the cytosolic fraction in relation to pre-exercise. Protein 
content was significantly lower after HWI at 2 h compared with pre-exercise (p = 0.01). In the 
cytoskeletal fraction, the PAS condition had significantly higher αB-crystallin content at 2 h compared 
with pre-exercise (p = 0.012) (Figure 4.4). There were no other significant main effects for genes 
associated with inflammation and stress (Table 4.4). 
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Figure 4.2. Fold change in gene expression of MuRF1 (A), Atrogin-1 (B) (PAS: open circle n = 9; 
HWI: closed circle n = 6). * denotes significantly different (p<0.05) compared with relative pre-
exercise time point Data for Atrogin-1 is presented as geometric mean (asymmetric 95% confidence 
interval). Data for MuRF1 is presented as median (interquartile range). 
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Figure 4.3. Fold change in gene expression of IL-6 (A), IL-1B (B), Cxcl2 (C) and HSP70 (D) (PAS: 
open circle n = 9; HWI: closed circle n = 6). * denotes significantly different (p<0.05) compared with 
relative pre-exercise time point. + denotes significantly different (p<0.05) between conditions. Data for 
HSP70 presented as mean ± SD. Data for IL-1B and Cxcl2 are presented as geometric mean 
(asymmetric 95% confidence interval). Data for IL-6 is presented as median (interquartile range).  
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Figure 4.4. αB-crystallin in the cytosol (A) and cytoskeletal (C) fractions and HSP70 in the cytosol (B) 
and cytoskeletal (D) fractions as measured by western blots. (PAS: open circle n = 8; HWI: closed circle 
n = 6). PAS n = 8 due to sample availability. * denotes significantly different (p<0.05) compared with 
pre-exercise time point. Data for αB-crystallin cytosol fraction are presented as geometric mean 
(asymmetric 95% confidence interval). Data for HSP70 cytosol fractions, and HSP70 and αB-crystallin 
cytoskeletal fractions presented as median (interquartile range). Cytoskeletal values presented as a 
percent of the cytosol pre time point value. 
 
124 
Table 4.4 Changes in gene expression with non-significant time or condition effects. (PAS = 9; HWI n = 6). Data 
presented are fold change in cycle threshold data represented relative to baseline. Data for cluster of differentiation 
11B (CD11B), CD206, and CCL4 presented as mean ± standard deviation. Data for MyoD, NGF, IL-1B, Atrogin-1, 
and CD163 presented as geometric mean (asymmetric 95% confidence interval). Data for MyoG, Myostatin, 
FOXO3, CD68, HSP90, and TNF-α are presented as median (interquartile range). 
Gene 
PAS HWI 
2 24 48 2 24 48 
MyoD 0.94 (0.59 – 1.50) 0.97 (0.72 – 1.30) 1.07 (0.75 – 1.54) 0.85 (0.30 – 2.07) 1.17 (0.73 – 1.88) 0.87 (0.53 – 1.42) 
MyoG 1.11 (0.83 – 1.36) 1.72 (1.16 – 2.28) 1.07 (0.95 – 1.50) 0.82 (0.64 – 1.42) 1.11 (0.99 – 1.18) 0.95 (0.93 – 0.95) 
NGF 1.16 (0.60 – 2.26) 1.06 (0.58 – 1.93) 0.99 (0.49 – 2.01) 1.27 (0.61 – 3.93) 0.76 (0.36 – 1.59) 0.85 (0.49 – 1.49) 
Myostatin 0.70 (0.61 – 0.82) 0.73 (0.63 – 1.06) 1.15 (0.92 – 1.25) 0.73 (0.50 – 1.05) 0.63 (0.56 – 0.87) 0.61 (0.61 – 0.90) 
IL-1 8.84 (3.19 – 24.48) 1.11 (0.83 – 1.49) 1.69 (0.97 – 2.96) 5.91 (3.51 – 11.95) 0.90 (0.48 – 2.12) 1.82 (0.76 – 4.37) 
FOXO3 1.30 (0.90 – 1.39) 0.98 (0.90 – 1.02) 0.97 (0.83 – 1.05) 1.13 (0.98 – 1.16) 0.80 (0.67 – 0.99) 0.78 (0.63 – 0.86) 
CD11b 1.24 ± 0.42 1.21 ± 0.35 1.08 ± 0.31 0.89 ± 0.38 0.95 ± 0.40 1.08 ± 0.39 
CD68 1.20 (0.81 – 1.51) 0.71 (0.69 – 1.47) 1.06 (0.68 – 1.47) 1.03 (0.79 – 1.49) 0.95 (0.64 – 1.18) 1.03 (0.83 – 1.26) 
CD163 1.23 (0.69 – 2.20) 0.93 (0.69 – 1.26) 1.05 (0.55 – 1.55) 1.27 (0.50 – 3.23) 1.49 (0.59 – 3.79) 2.42 (0.83 – 7.07) 
CD206 1.12 ± 0.52 1.25 ± 0.45 1.26 ± 0.52 0.91 ± 0.50 1.27 ± 0.68 1.36 ± 1.01 
TNF- 0.99 (0.84 – 2.00) 1.17 (0.82 – 1.76) 1.05 (0.86 – 1.66) 1.13 (0.84 – 1.25) 1.13 (0.99 – 1.35) 1.01 (0.95 – 1.06) 
CCL4 1.40 ± 1.06 1.22 ± 0.60 1.37 ± 0.49 0.74 ±0.48 1.01 ± 0.38 0.96 ± 0.32 
ANOVA p values (time, condition, time x condition) were: MyoD (0.596, 0.521, 0.749), NGF (0.864, 0.915, 0.524), IL-1β (0.864, 0.915, 
0.524), CD11b (0.786, 0.207, 0.209) CD163 (0.604, 0.214, 0.079), CD206 (0.132, 0.943, 0.851), CCL4 (0.788, 0.043, 0.190).  
Friedman’s p values were: MyoG (PAS 0.086, HWI 0.659), myostatin (PAS 0.064, HWI 0.305), FOXO3 (PAS 0.081, HWI 0.024), CD68 
(PAS 0.254, HWI 0.801), TNF-α (PAS0.896, HWI 0.494).  
Further analysis of significant result from Friedman’s test for HWI condition for FOXO3 and trial effect for CCL4 revealed no significant 
outcomes. 
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Table 4.5 Western blot proteins with non-significant time or condition effects. Data presented is fold change in densitometry relative to baseline. 
Data for p-ERK1-2 and t-ERK are presented as mean ± standard deviation. Data for p-P70S6K, p-AKT 308, p-RPS6 240-244, p-RPS6 235-236, 
p-AKT 473, t-AKT, and t-EIF4E are presented as geometric mean (asymmetric 95% confidence interval). Data for 4E-BP1 (alpha-delta), p-AKT 
308 are presented as median (interquartile range). Individual conditions’ sample size (n) in relation to specific proteins are presented due to blot 
quantification difficulties. 
Protein 
PAS  HWI  
2 24 48 
 
2 24 48 
n 
(PAS, 
HWI) 
p-P70S6K (421/424) 0.73 (0.30 – 1.80) 1.40 (0.46 – 4.31) 0.64 (0.21 – 1.99)  2.15 (0.93 – 4.98) 0.81 (0.08 – 8.01) 0.72 (0.09 – 5.46) 6,5 
t-P70S6K 0.61 (0.31 – 1.20) 0.75 (0.44 – 1.26) 0.79 (0.44 – 1.42)  1.31 (0.56 – 3.06) 1.30 (0.57 – 2.98) 1.28 (0.49 – 3.32) 6,5 
p-AKT (Thr308) 0.61 (0.31 – 1.20) 0.75 (0.44 – 1.26) 0.79 (0.44 – 1.42)  1.31 (0.56 – 3.06) 1.30 (0.57 – 2.98) 1.28 (0.49 – 3.32) 6,5 
p-AKT (Ser473) 0.58 (0.06 – 5.82) 0.90 (0.08 – 10.32) 0.81 (0.07 – 9.71)  2.42 (0.23 – 25.71) 0.66 (0.02 – 22.26) 0.71 (0.03 – 15.04) 6,5 
t-AKT 0.71 (0.03 – 18.26) 1.33 (0.05 – 32.77) 0.90 (0.02 – 36.35)  3.78 (0.27 – 53.53) 1.14 (0.01 – 197.44) 1.39 (0.04 – 45.20) 6,5 
p-RPS6 (Ser240/244) 1.33 (0.16 – 11.19) 1.48 (0.31 – 7.05) 1.13 (0.27 – 4.71)  0.68 (0.11 – 4.41) 0.93 (0.10 – 8.81) 0.81 (0.35 – 1.89) 6,5 
p-RPS6 (Ser235/236) 1.65 (0.29 – 9.32) 2.30 (0.53 – 9.99) 1.98 (0.45 – 8.64)  0.58 (0.02 – 17.62) 0.86 (0.14 – 5.43) 0.64 (0.04 – 10.82) 6,5 
t-RPS6 0.94 (0.65 – 1.37) 0.85 (0.50 – 1.43) 0.73 (0.54 – 0.98)  1.16 (0.61 – 2.22) 0.82 (0.55 – 1.23) 1.04 (0.70 – 1.54) 9,6 
4E-BP1-α 1.48 (0.67 – 3.29) 0.84 (0.65 – 1.09) 1.90 (0.37 – 9.81)  1.23 (0.67 – 2.24) 0.65 (0.23 – 1.87) 2.01 (0.13 – 30.88) 6,5 
4E-BP1-β 0.95 (0.33 – 2.74) 0.96 (0.64 – 1.44) 1.74 (0.31 – 9.91)  0.77 (0.37 – 1.58) 0.69 (0.20 – 2.38) 1.79 (0.10 – 32.68) 6,5 
4E-BP1-γ 1.22 (0.27 – 5.60) 1.10 (0.78 – 1.56) 1.82 (0.29 – 11.49)  0.71 (0.15 – 3.32) 0.66 (0.27 – 1.60) 1.68 (0.08 – 36.27) 6,5 
4E-BP1-δ 3.18 (1.05 – 9.64) 0.89 (0.69 – 1.15) 1.14 (0.11 – 11.99)  1.63 (0.21 – 12.49) 0.86 0.24 – 3.08) 1.95 (0.09 – 42.00) 6,5 
p-ERK 1/2 
(Thr202/Tyr204) 
1.55 ± 1.02 1.40 ± 0.93 0.93 ± 0.98  2.40 ± 3.03 0.37 ± 0.29 0.42 ± 0.27 6,3 
t-ERK 1.79 ± 1.23 1.41 ± 0.80 1.02 ± 0.88  0.90 ± 0.10 0.76 ± 0.55 1.09 ± 0.30 6,3 
t-EIF4E 1.13 (0.54 – 2.33) 0.81 (0.60 – 1.08) 0.68 (0.50 – 0.92)  1.22 (0.60 – 2.60) 0.77 (0.43 – 1.38) 0.81 (0.46 – 1.45) 9,6 
ANOVA  p values (time, condition, time x condition) were: p-P70S6K (Thr421/Ser424) (0.404, 0.444, 0.227), t-p70S6K (0.742, 0.243, 0.597), p-AKT (Thr308) (0.977, 
0.275, 0.581), p-AKT (Ser473) (0.892, 0.401, 0.532). t-AKT (0.908, 0.495, 0.755), p-RPS6 (Ser240/244) (0.929, 0.776, 0.961), p-S6RP (Ser235/236) (0.936, 0.213, 0.809), 
p-ERK 1/2 (Thr202/Tyr204) (0.434, 0.565, 0.334), t-ERK (0.319, 0.757, 0.455), t-EIF4E (0.059, 0.551, 0.837). 
Friedman’s p values were: 4E-BP1-α (PAS 0.344, HWI 0.178), 4E-BP1-β (PAS 0.896, HWI 0.564), 4E-BP1-γ (PAS 1.000, HWI 0.266),  
4E-BP1-δ (PAS 0.086, HWI 0.896). 
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Table 4.6. Representative images of western blots. Loading order of samples was randomized for each gel. 
Protein Details 
PAS HWI 
Pre 2 h  24 h 48 h Pre 2 h 24 h  48 h 
HSP70 cytosolic 
fraction         
HSP70 cytoskeletal 
fraction         
αB-crystallin 
cytosolic fraction         
αB-crystallin 
cytoskeletal fraction         
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Discussion 1 
The aim of this study was to evaluate the effects of HWI on the myogenic, atrophic and 2 
inflammatory responses in skeletal muscle after a hypertrophy-focussed training session. 3 
Following exercise, there were significant increases in MuRF1 mRNA expression at 48 h, 4 
Cxcl2 mRNA expression and HSP70 expression at 2 h, and αB-crystallin content in the 5 
cytoskeletal fraction at 2 h in the PAS condition, compared with baseline. Furthermore, 6 
Atrogin-1 mRNA expression was lower at 24 h and IL-6 mRNA expression was lower at 2 h 7 
in the PAS condition. Finally, IL-6 mRNA expression was significantly lower than that of the 8 
HWI condition at 24 and 48 h in the PAS condition. There were no other significant time or 9 
condition effects for any other proteins or genes. Therefore, HWI did not enhance the post-10 
exercise myogenic response, or limit the atrophic and inflammatory response more so than PAS 11 
following a hypertrophy focussed training session, which contradicts the hypothesis. 12 
 13 
Kakigi et al. [32] applied microwave diathermy before and during a resistance exercise task 14 
and found increases in the phosphorylation of several myogenic proteins following resistance 15 
exercise including mTOR and ribosomal protein S6 compared to a non-heat condition. In the 16 
current study, there were no differences between HWI and PAS for markers of myogenesis. 17 
Although Yoshihara et al. [30] used HWI, the obvious difference between animal and human 18 
model must be considered (e.g. body surface area, skin and muscle thickness) when comparing 19 
the outcomes between animal and human research models. For example, animals will have 20 
much thinner skin and subcutaneous fat mass thickness than humans which would mean muscle 21 
temperature would begin to increase much quicker when exposed to a heat therapy. Therefore, 22 
this may allow for the observed myogenic effects to occur at a larger rate than in humans when 23 
there is significant increase in skin and subcutaneous fat mass thickness which would slow 24 
down the rate of muscle temperature increases. Further, the differences in the timing of the heat 25 
therapy, and type of heat therapy must be considered between the study by Kakigi al. [32] and 26 
the current study. 27 
 28 
One possible reason for why HWI did not enhance the exercise-induced molecular 29 
hypertrophic response (as expected), could be the release of stress of hormones in response to 30 
HWI. Cameron et al. [123] reported that an increase in body temperature beyond the normal 31 
healthy human physiological range (e.g., increases in body temperature beyond ~37°C caused 32 
by fever or external heating) resulted in cortisol to be released from its carrier protein 33 
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corticosteroid bonding globulin. Once released, cortisol is no longer inert and interacts with 34 
the human body. This temperature-dependent response was also noted by Pilch et al. [124] who 35 
reported an increase in cortisol levels in both athletes and non-athletes after exposure to a sauna. 36 
As such, an increase in body temperature could lead to enhanced cortisol release, which may 37 
result in an unfavourable environment for muscle hypertrophy to occur. Spiering et al. [125] 38 
evaluated hormonal responses on signalling pathways related to muscle growth. Subjects 39 
completed a lower body resistance exercise session on one occasion, and an upper body 40 
resistance exercise session immediately followed by the same lower body session (to increase 41 
circulating hormones) on another occasion. Their results showed a significant increase in 42 
cortisol for the upper and lower body resistance exercise trial at all time points (except for 43 
baseline) compared with the lower body resistance exercise only trial. Additionally, the authors 44 
observed an attenuation in phosphorylation of P70S6K (Thr389) (a kinase associated with 45 
muscle hypertrophy) following the lower body session (when the upper body session was 46 
conducted immediately prior) compared with the lower body resistance exercise only session. 47 
The authors noted that the attenuation in P70S6K was inversely correlated with the increase in 48 
cortisol. Therefore, it is possible in the current study that the application of HWI caused an 49 
increase in systemic cortisol release, which resulted in attenuation of the myogenic response. 50 
Considering that previous heat therapy research has demonstrated increases in muscle mass 51 
and strength, perhaps the use of a localised heating methods (such as heat and steam sheets) 52 
limited the potential increase in cortisol, and in turn could elicit and increased myogenic 53 
response to heating.  The use of HWI, which places a far greater proportion of the body under 54 
heat stress, may result in an increased stress response, which may suppress any induced 55 
hypertrophic response from exercise. Measures of cortisol should be included in future HWI 56 
research to evaluate any potential impact of cortisol on outcome measures. 57 
 58 
There were significant time and condition effects for a range of inflammatory markers, 59 
which was to be expected following exercise. Myokine and cytokine levels increase following 60 
exercise (see Paulsen and Peake [131] for detailed review). Gene expression for IL-6 was 61 
significantly elevated in PAS at 2 h, and was significantly higher than HWI at 24 h, but 62 
significantly lower at 48 h. Participants in the PAS condition also demonstrated significantly 63 
lower expression of MuRF1 at all time points compared with pre-exercise, and significantly 64 
greater expression of Cxcl2 at 2 h. By contrast, gene expression of MuRF1 (at 48 h) and 65 
Atrogin-1 (at 24 and 48 h) expression decreased significantly in PAS relative to pre-exercise. 66 
Although decreases in MuRF1 and Atrogin-1 suggest that PAS attenuated atrophic responses, 67 
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the results of the PAS condition were not significantly different to the HWI condition. Further 68 
post-hoc tests for multiple comparisons (false discovery rate) determined that the significant 69 
suppression of Atrogin-1 in HWI at 48 h (p = 0.034) was deemed invalid. Therefore, this strong 70 
trend suggests HWI may also attenuate muscle atrophy. HWI may also limit the inflammatory 71 
response as there were no significant time effects for any of the inflammatory markers. 72 
However, HWI values were not significantly different from PAS, except for the significant 73 
differences described for IL-6 expression. 74 
HSPs are known to respond to resistance exercise [47, 48] but the acute HSP response to 75 
resistance exercise may be blunted in trained individuals [49]. In the current study, HSP70 gene 76 
expression significantly increased in PAS at 2 h compared to baseline, while there was also a 77 
trend towards an increase in expression for the HWI condition at 2 h compared to baseline (p 78 
= 0.069). The small number of participants in the HWI likely contributed to the non-significant 79 
outcome for changes in HSP70 gene expression at 2 h compared to baseline. Further, the lack 80 
of increased HSP70 gene expression in the HWI condition may be explained by the increase in 81 
basal muscle expression of HSP70 for the HWI condition. The increased basal muscle 82 
expression was a result of training in conjunction with HWI (see Chapter 3). Other research 83 
supports the notion that regular exposure to heat increases HSP expression in muscle. Morton 84 
et al. [50] reported that trained participants who underwent a 45 min, non-damaging run at 70% 85 
VO2MAX showed no increase in HSP 27, 60, 70, HSC70 and B-crystallin at 48 h and 7 d post-86 
exercise. These trained participants had increased basal muscle expression of HSP60 and B-87 
crystallin, which may account for the limited increases in HSPs following the non-damaging 88 
running protocol. As such, the regular application of HWI during the training block conducted 89 
before the current study resulted in the increase of basal muscle HSP expression and, in turn, 90 
may have attenuated the acute increase in HSP response to the resistance exercise and HWI 91 
conducted in the current study.  92 
 93 
Despite increased gene expression of HSP70 in PAS at 2 h compared to pre-exercise, there 94 
were no significant time or condition effects for the cytoskeletal or cytosolic fraction measure 95 
of HSP70 in either condition. However, B-crystallin content decreased in the cytosolic 96 
fraction in HWI at 2 h, while B-crystallin content significantly increased in the cytoskeletal 97 
fraction at 2 h in PAS only. Although there was a strong trend for an increase in B-crystallin 98 
content in the cytoskeletal fraction for HWI at 2 h (p = 0.028), when corrected for multiple 99 
comparison, this p value was deemed insignificant. Therefore, while there wasn’t a significant 100 
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effect, HWI resulted in greater translocation of B-crystallin content from the cytosol into the 101 
cytoskeleton. 102 
 103 
Limitations for this study include the small number of participants, the imbalance between 104 
the conditions (n=9 PAS, n=6 HWI) and the inclusion of both males and females in the study. 105 
The small number of participants in each condition likely contributed to the several significant 106 
comparisons being deemed false, as calculated by post-hoc false discovery rate calculations. 107 
Because the current study was conducted at the end of a training study, this didn’t allow the 108 
recruitment of additional subjects to replace subjects who dropped out during the training phase 109 
and match the subject numbers in each condition. However, it should be noted that even with 110 
the disparity in condition numbers, the PAS condition (n=9) did not show any significant time 111 
responses for a number of factors. In regards to the inclusion of both genders, sex differences 112 
exist in response to resistance exercise [128] and thus this may have contributed to the 113 
variability in the results. 114 
 115 
Additionally, the study was conducted at the end of a training phase, with subjects in the 116 
HWI condition having completed the HWI protocol twice weekly in the preceding 9 weeks 117 
before the commencement of the current study. Whilst conducting this study before the training 118 
phase may have may have provided different insight in to the myogenic and inflammatory 119 
responses from HWI, (as the long-term exposure to HWI may have allowed some adaptation 120 
or de-sensitisation to HWI) completing the current study after the training study may have 121 
allowed the evaluation of any blunting effects from the chronic use of HWI.. Additionally, as 122 
the participants were all currently completing or had recently completed resistance training, 123 
there were differences in the amount of training completed prior to the study, which may have 124 
influenced the results of an acute study completed before the training study commenced. By 125 
completing the current study at the end of the training study, the participants may be somewhat 126 
more homogenous in regard to the amount of lower body resistance training completed in a 127 
recent period of time. In turn, this may have helped to minimise any potential effects from the 128 
variance in training. 129 
 130 
Another limitation was regarding protein intake. While instructions were given to the 131 
participants to consume 1.5 g proteinkg-1 of body mass per day for the 48 h after the training 132 
session, specific compliance checks were not completed. A final limitation of the study is that 133 
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as intramuscular temperature was not assessed in this study, the HWI protocol used in this 134 
study may have failed to heat the muscle effecting and induce any increase in protein 135 
expression as seen with previous heat therapy research. 136 
 137 
Although the resistance exercise session was sufficiently intense, variation in the training 138 
status of the participants (before the training block began) may have contributed to the variation 139 
in the response to the resistance exercise session observed in the current study. Additionally, 140 
low subject numbers would have exacerbated this variability in response to training. However, 141 
it should be noted that the invasive nature of the current study (i.e. four muscle biopsies) may 142 
have reduced participant numbers (from initial recruitment for the training block conducted 143 
before the current study). 144 
 145 
In summary, there are no differences in the post-exercise myogenic and inflammatory 146 
response following PAS or the HWI protocol utilised in this study. Potentially the use of 147 
HWI may have increased the stress responses and, in turn, attenuated the post-exercise 148 
myogenic response. Future studies could investigate whether there are any temperature-149 
dependent effects (as seen in animal models) and evaluate the post-exercise response in both 150 
trained and untrained participants. Additionally, evaluating the myogenic and inflammatory 151 
response following a range of different heating methods is warranted.  152 
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Chapter 5 – Research Summary and Future Directions  153 
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The purpose of this thesis was to examine the effects of HWI on recovery, performance and 154 
adaptation in humans after resistance exercise. Previous heat therapy research has 155 
demonstrated the benefits of heating on recovery from resistance and aerobic exercise, and 156 
improvements to exercise-induced adaptations, but there is a paucity of research on the effects 157 
of HWI on similar outcomes.  158 
 159 
Chapter 2 160 
Chapter 2 was designed to investigate how HWI may improve recovery and subsequent 161 
performance following a morning resistance exercise session. Previous studies investigating 162 
how HWI might improve recovery following both aerobic [90] and eccentric exercise [67] 163 
demonstrated some small benefits. Other heat therapy research showed how eliciting high 164 
muscle temperature through heat therapy may be key to further improving performance and 165 
recovery [3, 11, 69]. Previous heat therapy research had used pre-exercise heating to induce 166 
benefit. Post-exercise HWI was adopted in Chapter 2 so that the dose-response effects of ~45°C 167 
HWI could be compared to other previous post-exercise HWI studies utilising lower 168 
temperatures. By completing this study, the results would help to inform people who train or 169 
compete multiple times per day as to the effectiveness of HWI for recovery and subsequent, 170 
same-day performance. 171 
 172 
Apart from condition differences in squatting soreness and muscle and skin temperatures, 173 
the lack of any other significant condition differences suggested that HWI was no better than 174 
PAS for short-term recovery following resistance exercise in this instance. Considering that 175 
muscle temperature only increased to ~38°C, this may have influenced the results, considering 176 
previous research had highlighted that raising muscle temperature to ~40°C increased muscular 177 
expression of HSPs. Ideally, the participants would have completed the HWI immediately post-178 
exercise. However, due to measuring MVC and EMG soon after exercise, there was ~40 min 179 
delay between end of the resistance exercise session and the start of immersion. This delay 180 
allowed muscle and skin temperatures at the conclusion of the resistance exercise to return to 181 
pre-exercise values prior to HWI. Future research may need to limit the number of outcome 182 
measures, or eliminate time-consuming measurements. This may decrease the time between 183 
end of any resistance exercise and start of HWI, and therefore potentially help to increase 184 
muscle temperature further, beyond what was already induced by exercise. Alternatively, if 185 
researchers utilise HWI immediately after exercise, then the potential compounding effects of 186 
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resistance exercise and subsequent immediate post-exercise HWI on outcome measures (such 187 
as blood markers) should be considered when examining results. 188 
 189 
Chapter 3 190 
As Chapter 2 focussed on the acute effects of HWI, Chapter 3 was designed to evaluate the 191 
chronic use of HWI combined with a hypertrophy training program. The aim was to expand on 192 
previous heat therapy literature that highlighted the beneficial effects of heating when 193 
combined with long-term training. Previous research demonstrated that heat and steam sheets 194 
combined with low-intensity resistance exercise increased strength and muscle mass, and heat 195 
and steam sheets by itself also increased muscle mass [33, 34]. Further, only one study reported 196 
no benefits of heat pads applied during and after resistance exercise on adaptations to chronic 197 
exercise [92] and no study had examined the outcome of heat on adaptations to resistance 198 
training when heat was applied only after the resistance exercise session had been completed. 199 
The use of HWI combined with long-term strength training had yet to be investigated. 200 
Therefore, the aim of this study was to investigate the effects of regular post-exercise HWI on 201 
hypertrophy and strength, developed from 10 weeks of resistance training. Considering the 202 
widespread accessibility of HWI (as opposed to other previously used heat therapies), it was 203 
important to evaluate the effects of this type of heat therapy on strength training. There were 204 
no differences in strength and absolute muscle mass increases between PAS or HWI at the end 205 
of the 10-week training period. However, when compared to baseline lean muscle mass PAS 206 
had a significantly higher increase in relative muscle mass compared with HWI. The results 207 
were surprising, given that previous human models combining heat therapy with chronic 208 
training [33], and heat application combined with daily tasks [34] was sufficient to significantly 209 
enhance muscle mass development and strength. However in Goto et al. [34], the participants 210 
were all men who had not completed any regular exercise for the previous 6 months. Therefore, 211 
perhaps they had the capacity to respond to new stimuli. The participants in the chronic study 212 
by Goto et al. [33] were only as described as ‘healthy’. With no further information regarding 213 
their current exercise practices, this makes it difficult to compare the results of Goto et al. [33] 214 
to that of the current study. 215 
 216 
After evaluating the observed effects, it was postulated that given the significant amount of 217 
the participant’s body area that was immersed (depth to lower sternum), the protocol used in 218 
this study may have induced a stress response, which in turn may have suppressed the post-219 
exercise hypertrophic response. Future HWI studies may need to limit the immersion to the 220 
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targeted area only to avoid any compounding effects. Additionally, the use of more isolated 221 
forms of heat therapy (such as heat and steam sheets or microwave diathermy) may need to be 222 
used. 223 
 224 
Chapter 4 225 
To further evaluate the effects of HWI on chronic hypertrophy training, for Chapter 4, the 226 
effects of HWI on the acute exercise-induced anabolic, atrophic and inflammatory processes 227 
were investigated. This study would build on the changes in muscle mass and strength in 228 
Chapter 3. Other studies had showed benefits of heating on molecular markers of hypertrophy 229 
(e.g. 4E-BP1, p70S6K) [32]. However, with no other studies evaluating the effect of HWI on 230 
these markers, as well as genes associated with myogenesis, it was important to investigate 231 
how HWI may influence these myogenic factors. Muscle biopsies were collected at pre-232 
exercise, and at 2, 24 and 48 h post recovery from the participants who completed the final 233 
training session for the training block in Chapter 3 to allow for subsequent molecular analysis. 234 
 235 
The PAS condition had several significant, beneficial, time and condition effects for 236 
markers of atrophy, stress and inflammation. However, there were no time or condition effects 237 
for any protein or gene expression markers of hypertrophy, in either condition. Therefore, the 238 
HWI protocol utilised did not enhance muscle growth signalling any more than PAS. In turn, 239 
these findings supported the outcome measures of Chapter 3. As stated, there were no 240 
differences between conditions in gene expression and protein content of molecular markers 241 
responsible for muscle growth. This concurs with the results from Chapter 3, where there was 242 
no difference in development of absolute muscle mass from the training study. Surprisingly, 243 
many genes and proteins demonstrated no significant changes from pre-exercise in either 244 
condition. Potentially, the resistance session may have been sufficiently challenging, however 245 
because the earliest, post-exercise muscle biopsy occurred at 2 h post-recovery, any changes in 246 
expression of genes of content of proteins occurred and resolved within the 2 h post-recovery. 247 
Future research may wish to modify the HWI protocol used in this study to determine whether 248 
HWI can enhance the exercise-induced anabolic process, such as by reducing the immersion 249 
depth of the HWI. 250 
 251 
Methodological Considerations 252 
In hindsight, there are a few methods considerations that could be improved for future 253 
research. As mentioned, in Chapter 2, there was approximately 40 min between the end of the 254 
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resistance exercise session and the participants starting the recovery (either PAS or HWI). This 255 
length of time allowed the muscle to cool between the end of the resistance exercise and the 256 
onset of the recovery phase (see Figure 2.1). Ideally, HWI was meant to increase muscle 257 
temperature beyond that induced by resistance exercise alone. However, with the delay 258 
between the end of the resistance exercise session and start of recovery, this caused muscle 259 
temperature to decrease between the end of the exercise session and the start of HWI. In turn, 260 
the HWI only increased muscle temperature to approximately the same temperature as induced 261 
by the resistance exercise session. Although this may have influenced the results, this delay 262 
may be relevant to elite sport. As an example, not often will elite athletes finish competing in 263 
their sport and start a recovery protocol (like hydrotherapy) immediately after. There may be a 264 
significant delay due to public engagements that need to be completed (such as media 265 
interviews or greeting fans). Therefore, while the delay in the study was not optimal, it may be 266 
somewhat representative of real-world situations. 267 
 268 
Chapter 3 and 4 examined the influence of HWI on muscle mass and strength responses to 269 
resistance training, and the molecular basis of muscle hypertrophy. After analysis revealed that 270 
HWI did not enhance adaptations to strength training more so than PAS and did not increase 271 
the expression of genes and proteins associated with myogenesis, it was postulated that 272 
circulating cortisol may have attenuated the post-exercise myogenic process. Any future 273 
research in HWI may wish to include measures of cortisol to fully evaluate the potential effect 274 
of cortisol on performance and recovery outcomes. 275 
 276 
As mentioned previously, Chapter 3 and 4 were completed in Oslo at the Norwegian School 277 
of Sport Sciences from August to December. The majority of the participants who completed 278 
these studies were students studying at the university. Although initial participation in the study 279 
was good, several participants dropped out. As a result, the study was extended as much as 280 
possible to allow for further recruitment. In the end, time constraints relating to the available 281 
participant pool, and the time-window allowed for data collection to be completed made it 282 
unviable to recruit additional participants. Therefore, while every effort was made to ensure a 283 
high sample size for the two studies, it is most likely that the low participant numbers for each 284 
condition likely influenced the results of the two studies by decreasing the statistical power of 285 
the studies. 286 
 287 
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Finally, the effects of HWI on the exercise-induced anabolic response were evaluated in the 288 
participants who completed the final training session of Chapter 3. Ideally, Chapter 4 would 289 
have been completed in conjunction with the participant’s first and last training session, so to 290 
compare the outcomes after one exposure and chronic exposure. However, due to time and 291 
budgetary constraints, this was not achievable. This may warrant future investigation (i.e., 292 
whether the post-exercise myogenic response combined with HWI diminishes over time). 293 
 294 
Significance of Thesis 295 
To date, most of the HWI literature had used water temperatures of ~38°C. A temperature 296 
of 45°C was selected, as studies using temperatures beyond 38°C had been rarely been 297 
reported. By using 45°C, this was intended to replicate muscle temperature increases resulting 298 
from other heat therapy devices (e.g. microwave diathermy). This thesis builds upon existing 299 
HWI and heat therapy literature, providing insight into how HWI influences recovery and 300 
subsequent performance, and its effect on adaptations to resistance training. However, while 301 
bearing in mind the limitations presented, a HWI protocol of 45°C for 10 min at a mid-sternal 302 
level did not convey any substantial and beneficial effects on performance, recovery and 303 
adaptation to resistance training.   304 
 305 
Future Directions 306 
Although the results produced suggest that HWI did not induce substantial benefits, perhaps 307 
the protocol used was not sufficient to enhance adaptations to, and recovery from exercise. A 308 
protocol of 10 min immersion, 45°C, with a depth to the mid-sternal level was used throughout 309 
the studies in this thesis. The decision to use 45°C stemmed from the idea to induce heating of 310 
the muscle to temperatures beyond of what is induced through resistance exercise alone and to 311 
use a temperature rarely researched to date (previous studies examining HWI and recovery 312 
typically used temperatures of approximately 38−40°C). Manipulations to this protocol may 313 
result in differing outcomes compared with what was observed.  314 
 315 
Changes in water temperature, duration, immersion depth, and time delay between end of 316 
resistance exercise and HWI onset are all valid manipulations that could be compared and 317 
evaluated in future studies. Water temperature may need to be reduced and duration increased 318 
to help increase muscle temperature effectively. Completing the HWI protocol as soon as 319 
possible after the cessation of resistance exercise would also help to increase muscle 320 
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temperature by building upon any increase in muscle temperature induced by the resistance 321 
exercise itself. Finally, limiting the immersion to the targeted area only may help to reduce 322 
the proposed increase in cortisol response, and thus potentially allowing for the beneficial 323 
effects from HWI on resistance exercise-induced adaptations to occur.  324 
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ABSTRACT  695 
Historically, heat has been used in various clinical and sports rehabilitation settings to treat soft tissue 696 
injuries. More recently, interest has emerged in using heat to pre-condition muscle against injury. The 697 
aim of this narrative review is to collate information on different types of heat therapy, explain the 698 
physiological rationale for heat therapy, and to summarise and evaluate the effects of heat therapy 699 
before, during and after muscle injury, immobilisation and strength training. Studies on skeletal 700 
muscle cells demonstrate that heat attenuates cellular damage and protein degradation (following in 701 
vitro challenges/insults to the cells). Heat also increases the expression of heat shock proteins (HSPs), 702 
and upregulates the expression of genes involved in muscle growth and differentiation. In rats, 703 
applying heat before and after muscle injury or immobilisation typically reduces cellular damage and 704 
muscle atrophy, and promotes more rapid muscle growth/regeneration. In humans, some research has 705 
demonstrated benefits of microwave diathermy (and to a lesser extent, hot water immersion) before 706 
exercise for restricting muscle soreness and restoring muscle function after exercise. By contrast, the 707 
benefits of applying heat to muscle after exercise are more variable. Animal studies reveal that 708 
applying heat during limb immobilisation attenuates muscle atrophy and oxidative stress. Heating 709 
muscle may also enhance the benefits of strength training for improving muscle mass in humans. 710 
Further research is needed to identify the most effective forms of heat therapy and to investigate 711 
benefits of heat therapy for restricting muscle wasting in the elderly and those individuals recovering 712 
from serious injury or illness. 713 
 714 
 715 
 716 
 717 
 718 
 719 
 720 
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Key points 721 
• Animal and human trials have shown that various forms of heating can be used in 722 
conjunction with exercise or stress to enhance recovery, adaptation and limit muscle 723 
atrophy. 724 
• Heating muscle activates protective mechanisms, reduces oxidative stress and 725 
inflammation, and stimulates genes and proteins involved in muscle hypertrophy. 726 
• Further studies highlighting differences between various heating modalities will help 727 
inform athletes and coaches on the best heating practices for specific situations.  728 
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1. INTRODUCTION 729 
Strategies to maximise recovery after exercise training or competition are used to promote 730 
adaptation to training loads, reduce the chance of injury, and improve the body’s ability to repeat high 731 
level performance [1]. Although a recovery strategy is commonly considered as a post-exercise 732 
activity, rehabilitation is also an important task to enhance recovery from injury. Rehabilitation has its 733 
own activities (such as completing exercises and treatment by a physiotherapist) that help the 734 
individual return to normal function as soon as possible. 735 
Heat has historically been used to treat a range of health conditions, including musculoskeletal 736 
injuries. Heating induces pre-conditioning effects that may protect tissues from subsequent damage. It 737 
is also used to stimulate local blood supply and metabolism in tissues. Emerging evidence indicates 738 
that heat activates more specific molecular events, including changes in gene expression, anti-739 
inflammatory and antioxidant effects, mitochondrial biogenesis, heat shock protein (HSP) expression, 740 
and muscle hypertrophy. Various forms of heating have been applied to soft tissues before, during and 741 
after exercise and/or muscle injury. In this narrative review, we describe the contexts in which heating 742 
has been used and the functional, physiological and molecular effects of heating. We also evaluate 743 
some of the inconsistencies in the literature, and identify new areas for future research.  Studies 744 
included in this review were found using search terms including: ‘exercise’, ‘muscle damage’, ‘heat 745 
stress’, ‘hot water immersion’, ‘recovery’, and ‘heat therapy’, or combinations of these search terms. 746 
Additional studies were found within reference lists of journal articles. 747 
 748 
2. FORMS OF HEATING 749 
To date, heat research has used various methods to heat the whole body or specific body areas. 750 
These methods have varied regarding the equipment used, the timing (e.g., before, during or after 751 
exercise and injury), and the ‘intensity’ (e.g., differences in water temperature, microwave diathermy 752 
power). 753 
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2.1 Types of Studies 754 
Heat has been applied to muscle cells undergoing differentiation, mechanical stretch and treatment 755 
with glucocorticoid drugs [2, 3]. Animal studies have investigated the effects of heat in response to 756 
exercise [4], muscle injury [5], immobilisation/limb unweighting [6] and synergist 757 
ablation/compensated hypertrophy [7] (whereby one muscle in a group of muscles is removed so that 758 
the remaining muscles are forced to work harder and hypertrophy). Human trials have commonly 759 
examined the effects of heat before or after eccentric exercise [8], exercise tasks on single or multiple 760 
days [9], and (to a lesser extent) during long-term training [10]. Within these studies, outcomes have 761 
included measurements of: muscle temperature; muscle strength, swelling and soreness; circulating 762 
markers of muscle damage and inflammation, and molecular mechanisms within muscle itself. 763 
 764 
2.2 Equipment 765 
Heating equipment has included microwave diathermy [11], environmental chambers [12], heat 766 
and steam generating sheets [10], heat pads [7], thermal blankets [6], and warm/hot water immersion 767 
[8] (Figure 1). The nomenclature of ‘warm’ and ‘hot’ water immersion varies in the literature. For 768 
example, Skurvydas et al. [13] described 44°C as ‘warm’ water, whereas Vaile et al. [8] defined 38°C 769 
as ‘hot’ water. In this review, we refer to water temperature ≥38.0°C as hot water immersion (HWI) 770 
[14], and temperatures from 36.0−38.0°C as ‘warm’. 771 
The reported benefits of heat treatment are not limited to one mode of heating. Muscle 772 
temperature is a key factor that mediates the effects of heating, because it influences the expression of 773 
HSPs in muscle [11, 13, 15]. Muscle temperature increases by ~7°C after microwave diathermy (150 774 
W, 20 mins) [11], by ~3°C after HWI (44°C for 45 min, waist deep) [13], and by ~1.8°C after 775 
ultrasound treatment (1 MHz frequency, 10 min, 1.5 cm2 intensity) [15]. No studies have compared 776 
different heat treatments on the same participants using the same outcomes measures, making difficult 777 
to compare the effects of the various forms of heating. Some forms of heating may be more practical 778 
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than others. For example, when teams are travelling, it may not always be possible to transport 779 
heating equipment, whereas hot water baths may be more accessible. Some of the benefits derived 780 
from heating may also be specific to the heating modality used. 781 
 782 
2.3 Timing 783 
Although the most common time to adopt recovery strategies is post-exercise/post-competition, 784 
heat research has also evaluated the effects of applying heat before (pre-heating), or after (post-785 
heating) activity or injury. Some studies have also investigated the effects of applying heat during 786 
physical activity/exercise or limb immobilisation. 787 
 788 
2.3.1 Pre-Heating 789 
Research on pre-heating has demonstrated improvements [11, 12, 16, 17], no change [18, 19] and 790 
potential negative outcomes [7] in exercise performance and muscle recovery models. Details of these 791 
studies are summarised in Table 1. 792 
 793 
2.3.1.1 Animal Studies.  794 
Animal studies investigating the effects of pre-heating have yielded mixed results. In rats, 795 
Garramone et al. [20] used pre-heating to restrict lower limb damage resulting from ischemia. 796 
Following 90 min of ischemia, the amount of creatine phosphate in skeletal muscle was significantly 797 
greater in pre-heated rats compared with non-heated rats. Mitochondrial swelling was similar, 798 
whereas disruption of mitochondrial cristae was lower, and fewer autophagic vacuoles were present in 799 
muscle from the pre-heated rats compared with the non-heated rats. Collectively, these findings 800 
demonstrated that pre-heating helped to attenuate some signs of ischemic injury in skeletal muscle. 801 
Touchberry et al. [17] immersed rats in hot water (41°C, 20 min) 48 h before downhill running to 802 
induce muscle injury. Plasma creatine kinase (CK) activity 2 h post-exercise and mononuclear cell 803 
numbers in muscle at 48 h post-exercise were lower in the pre-heated rats compared with non-heated 804 
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rats. Conversely, total muscle protein content and the expression of myosin heavy chain (MHC) neo 805 
(a marker of muscle regeneration) were higher in the heat-treated group after post-exercise.  806 
Naito et al. [21] pre-heated rats by placing them in a heated environmental chamber (41°C, 60 807 
min) 6 h before 8 d of hind limb suspension (to induce muscle atrophy). Pre-heated rats demonstrated 808 
less muscle loss, and higher soluble protein content compared with non-heated rats. 809 
Kojima et al. [22] used a similar protocol to Naito et al. [21] and placed rats in a heated 810 
environmental chamber (41°C, 60 min) 24 h before the rats were injected with a cardiotoxin (to 811 
induce muscle necrosis and regeneration) or saline (control group). At 3 d post-injury, there were 812 
more Pax7+ satellite cells in muscle from pre-heated rats (both injured and uninjured) compared with 813 
the non-heated-uninjured rats. At 28 d post-injury, muscle protein content in pre-heated-injured rats 814 
was significantly higher than in non-heated-injured rats. 815 
In contrast with these findings on the benefits of pre-heating before muscle injury or unloading, 816 
Frier and Locke [7] demonstrated different effects of pre-heating prior to synergist ablation. They 817 
applied a heat pad to rats to maintain their core temperature at 42°C for 15 min before removing the 818 
gastrocnemius muscle in one leg 24 h later to induce hypertrophy in other muscles. Compared with 819 
non-heat-treated rats, heat-treated rats showed a smaller increase in total protein in the plantaris 820 
muscle, and reduced expression of type I MHC protein at 3, 5 and 7 d after the gastrocnemius muscle 821 
was removed. The disparity between the findings of this study [7] and those from the other pre-822 
heating studies described above may arise from differences in the effects of pre-heating before 823 
synergist ablation versus muscle injury and unloading. Pre-heating before synergist ablation may pre-824 
condition muscle, thereby attenuating subsequent muscle hypertrophy. By contrast, pre-heating before 825 
muscle injury and unloading appears to activate cellular activity and molecular processes that help to 826 
restrict atrophy and facilitate regeneration of skeletal muscle. 827 
 828 
 829 
 830 
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2.3.1.2 Human Studies.  831 
Human heat trials have reported some beneficial effects of pre-heating (Figure 2; Table 1), but 832 
some inconsistencies in the findings also exist. Iguchi and Shields [12] found that compared with 833 
sitting in 23C, sitting in the heat (73C) within a sauna for 30 min increased muscle relaxation rate 834 
following maximal voluntary contractions to fatigue in physically active people. Khamwong et al. 835 
found beneficial effects when participants applied hot packs [23] or entered a sauna [24] before 836 
eccentric exercise. Specifically, both hot packs and sauna reduced the loss in range of motion of the 837 
wrist resulting from eccentric exercise. Hot packs also reduced the deficit in pain threshold, whereas 838 
sauna reduced the deficit in grip strength loss, compared with the control group. Skurvydas et al. [13] 839 
had subjects complete HWI (44°C, 45 min) before three sets of drop jumps. They observed an 840 
increase in jump height and a smaller decrease in jump height 48 h post-exercise compared with when 841 
participants were not immersed in hot water. HWI also minimised the deficit in maximal voluntary 842 
contraction (MVC) force for knee extension (knee kept at 90°), reduced plasma CK activity, and 843 
decreased ratings of muscle soreness at 24 and 48 h post-exercise [13]. 844 
Another commonly used heating modality in human studies is microwave diathermy, which 845 
involves applying heat to a body part, eliciting a targeted increase in deep tissue temperature through 846 
microwaves at user-selected intensities, without heating the skin to uncomfortable levels. 847 
Vardiman et al. [25] observed that microwave diathermy significantly reduced muscle interleukin-848 
6 (IL-6) protein content compared with the control group. Microwave diathermy also blunted the 849 
increase in muscle tumor necrosis factor- (TNF-α) protein content for 72 h post-exercise.  850 
Evans et al. [26] compared active warm-ups with low- and high-heat microwave diathermy 851 
treatments before eccentric exercise. The control group completed a high-heat passive warm-up only. 852 
The low-heat group had less proximal swelling in the belly of biceps brachii at 24 and 48 h post-853 
exercise compared with the active warm-up group. By contrast, loss of range of motion during elbow 854 
flexion was greatest in this group. Subjects treated with high-heat showed less swelling and reported 855 
less muscle soreness (biceps brachii region) at 24 and 48 h after exercise compared with the active 856 
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warm-up group. Nevertheless, caution should be applied when interpreting these data, owing to the 857 
smaller sample size (n=4) in the high-heat group compared with the low-heat group (n=10).  858 
Saga et al. [16] found that microwave diathermy of one arm 24 h before eccentric exercise 859 
resulted in higher MVC force and range of motion immediately post-exercise, compared with the 860 
unheated contralateral arm. Nosaka et al. [11] used a similar microwave diathermy protocol to Saga et 861 
al. [16], 16−20 h before eccentric exercise of the arms. Their results also showed that post-exercise 862 
muscle soreness was lower, changes in elbow range of motion were smaller, and recovery of MVC 863 
force was faster in the heated arm compared with the non-heated, contralateral, control arm.  864 
In contrast with these beneficial results, other human studies have reported no changes (and also 865 
detrimental effects) in response to pre-heating. Nosaka et al. [18] applied microwave diathermy 3 min 866 
before eccentric exercise of the forearms. Heat did not significantly improve performance, muscle 867 
soreness or plasma CK activity. The treatment also reduced elbow range of motion after exercise. 868 
Castellani et al. [27] applied microwave diathermy immediately before eccentric exercise of the elbow 869 
flexors. This treatment did not influence markers of muscle damage such as MVC force, elbow range 870 
of motion, and plasma CK activity. The only significant change was an increase in plasma HSP70 871 
concentration at 120 h post-exercise for the heat group.  872 
 Symons et al. [15] applied 10 min of ultrasound to biceps brachii immediately before baseline 873 
tests, and subsequent eccentric exercise of the elbow flexors. They observed no effects of ultrasound 874 
on muscle soreness, isometric strength and elbow range of motion. The authors stated that muscle 875 
temperature did not increase as expected (~1.8°C increase versus expected increase of ~3.5°C), which 876 
may have altered the responses to heating. 877 
Different approaches to heating may account for some of these variable findings. The intensity of 878 
microwave diathermy may influence its effectiveness. Nosaka et al. [11] expected that microwave 879 
diathermy treatment would raise muscle temperature to ~41°C, based on pilot work. They used 880 
microwave diathermy at 150 W for 20 min, placing the probe of the diathermy unit 15 cm away from 881 
the mid-portion of the biceps brachii. This protocol differed from that used in their earlier study [18], 882 
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which involved 100 W for 10 min duration, with the probe placed 5 cm away from the upper arm 883 
(specific location not stated). Castellani et al. [27] also used microwave diathermy at 100 W for 10 884 
min immediately before exercise, and found no effect on markers of muscle damage. Compared with 885 
pre-heating at 100 W [18], pre-heating at 150 W [11] caused a greater increase in muscle temperature 886 
(increase of ~7°C after 150 W treatment versus ~3.5°C after 100 W treatment). This greater rise in 887 
muscle temperature may account for the beneficial effects reported by Nosaka et al. [11] (i.e., reduced 888 
muscle soreness and improved range of motion in the heat group). 889 
The timing of microwave diathermy before exercise may also influence its effectiveness. Nosaka 890 
et al. [11] heated muscle ~19 h before exercise, while Saga et al. [16] heated muscle 24 h before 891 
exercise. By contrast, Nosaka et al. [18] and Castellani et al. [27] heated muscle immediately before 892 
exercise. There were greater benefits of heating 19 to 24 h before exercise [11, 16] compared with 893 
heating immediately before exercise [18, 27]. Therefore, to generate any benefit, pre-heating may 894 
need to occur >16 h before exercise, and result in a high core and/or muscle temperature. 895 
2.3.2 Post-Heating 896 
Animal and human studies have also been conducted to examine the effects of post-heating, using 897 
several different heating methods (Table 2). 898 
  899 
2.3.2.1 Animal Studies.  900 
An extensive amount of research exists on the effects of heating after exercise or injury. Takeuchi 901 
et al. [5] induced a crush injury to muscle in rats before heat (42°C water in a plastic bag) was applied 902 
to the injured site for 20 min. Muscle inflammation and regeneration was examined over 28 d post-903 
injury. Macrophage infiltration, expression of insulin-like growth factor-1, and proliferation of Pax-7+ 904 
satellite cells in injured muscle occurred more rapidly in the heat-treated rats compared with non-905 
heated control rats. These effects were accompanied by a greater number and size of regenerating 906 
muscle fibres at 2 d, and fewer collagen fibres at 14 and 28 d post-injury in heat-treated rats compared 907 
with non-heated control rats. In a similar study, Shibaguchi et al. [28] injected rat hind limbs with 908 
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bupivacaine to induce muscle injury, and then treated the rats with heat. Their results indicated that 909 
soleus muscle mass (relative to body mass), myofibrillar and total protein content, and muscle fibre 910 
size at 28 d post-injury were all not significantly different compared with non-heated rats. 911 
Nevertheless, heat treatment did restrict the deposition of collagen fibres, and increased Pax-7+ 912 
satellite cells in muscle compared with ice treatment.  913 
The study by Kojima et al. [22] (described in section 2.3.1.1) also investigated the effects of 914 
heating rats in an environmental chamber after cardiotoxin or saline injection. Heat treatment 915 
increased whole muscle protein content in rats treated with saline compared with non-heated rats 916 
treated with saline, and heated rats treated with cardiotoxin at 28 d post-injury. The number of Pax-7+ 917 
satellite cells in muscle was also higher in heated rats compared with control rats 3 d post-injury.  918 
Selsby et al. [29] used a thermal blanket to maintain core temperature between 41−41.5°C for 30 919 
min after 6 d of hind limb immobilisation, and during a 7-d limb reloading period. Heat treatment 920 
increased muscle mass after the reloading phase compared with no treatment.  921 
Collectively, the findings from these animal studies reveal that heat treatment expedites muscle 922 
repair/inflammation following injury, and restores muscle mass following immobilisation. Heat 923 
treatment may therefore have benefits for recovery following exercise and musculoskeletal injuries 924 
that require periods of rest or reduced physical activity. 925 
 926 
2.3.2.2 Human Studies.  927 
Research from human studies using post-exercise heating has found some benefits. Clarke [30] 928 
investigated the effects of 46°C HWI and 10°C cold water immersion (CWI) on short-term recovery 929 
of handgrip strength after a single 2 min maximal handgrip contraction [30]. HWI increased handgrip 930 
force 2 min post-exercise, compared with CWI. However, there were no other significant differences 931 
between the treatments. Mayer et al. [31] applied heat wraps for 8, 18 and 32 h after lumbar 932 
extensions (two sets, 25 reps, load of 100% peak isometric lumbar extension strength). Compared 933 
with cold packs (control group), heat wraps provided greater pain relief at 24 h, and greater 934 
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satisfaction with the treatment. Another group of subjects applied heat wraps to the lumbar spine ~4 h 935 
before and for 8 h after exercise. Heat-treated subjects reported less pain, and fewer changes in self-936 
reported physical function and disability compared with the control group at 24 h. 937 
Several studies have examined the effects of HWI and warm water immersion on exercise 938 
performance and recovery from muscle damage. Viitasalo et al. [32] examined the effects of warm 939 
water immersion (36.7–37.2°C, 20 min) with underwater jet massage on strength and power 940 
performance measures, myoglobin, CK and lactate dehydrogenase. Track and field athletes from 941 
various disciplines completed warm water immersion 20−30 min after each of the five training 942 
sessions (strength training, jumping training, speed training and sport specific training) during a 3-d 943 
training week. Warm water immersion attenuated the decrease in jump power, and limited the 944 
increase in ground contact time from five successive rebound jumps compared with the control group. 945 
Warm water immersion did not influence markers of muscle damage, or muscle soreness.  946 
Kuligowski et al. [33] used a heated whirlpool protocol to examine the effects on the recovery of 947 
range of motion, muscle soreness and MVC force after one bout of eccentric exercise of the elbow 948 
flexors. Whirlpool therapy was conducted immediately after, and 24, 48 and 72 h after exercise. 949 
Compared with no treatment, this type of heating restored relaxed elbow flexion angle more rapidly. 950 
There were no significant effects on perceptions of muscle soreness, recovery of strength, or active 951 
elbow flexion and extension. 952 
Two HWI studies were conducted by Vaile et al. [8, 9]. HWI was applied during 5 consecutive 953 
days of cycling [9] or immediately after, and every 24 h up to 72 h after an eccentric leg press 954 
protocol [8]. HWI was no more effective than passive recovery and CWI for maintaining cycling 955 
performance over 5 d [9]. However, heart rate following time trials on days 2−5 tended to be lower 956 
(effect size > 0.6) after HWI compared with passive recovery. In their other study, Vaile et al. [8] 957 
found that HWI significantly attenuated the decrease in isometric squat force at 24, 48 and 72 h 958 
following an eccentric leg press protocol. HWI also reduced plasma CK activity 48 h post-exercise 959 
compared with passive recovery. HWI did not influence recovery of weighted squat jump 960 
performance, mid-thigh girth, or other blood markers of muscle damage and inflammation. 961 
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Finally, Pournot et al. [22] used warm water immersion (36°C, 15 min, sitting depth to iliac crest) 962 
after two bouts of intermittent rowing, separated by 10 min. HWI did not attenuate losses in MVC 963 
force and counter movement jump height at 1 and 24 h, or mean power during a 30-s all-out rowing 964 
sprint performed at 1 h after exercise. HWI also failed to reduce plasma CK activity, lactate 965 
concentration, and blood leukocyte count at 24 h after exercise.  966 
Other modes of post-exercise heat therapy include heat pads. Jayaraman et al. [34] had 967 
participants complete a single-leg knee extension eccentric exercise program. Participants then 968 
underwent one of the following treatments: (1) application of a heat pad at 41°C for 2 h; (2) a short 969 
warm-up of the treatment leg before completing six static stretches; (3) heat pad and stretching, or (4) 970 
no treatment (control), with recovery strategies completed at the same time every day until muscle 971 
soreness had subsided. Magnetic resonance imaging (to determine edema), isometric strength of the 972 
quadriceps, and pain were measured periodically over the days post-exercise. No differences existed 973 
between conditions for muscle soreness, recovery of strength or T2 relaxation times (as an indication 974 
of edema).  975 
The varied exercise protocols used in the studies above make it challenging to summarise the 976 
effects of post-exercise heating. In most studies, temperature was in the range of 36−39°C (one study 977 
using 46°C [30]), and the period of HWI varied from 10–24 min. Exercise protocols included 978 
eccentric exercise [8, 33], intermittent activity [35] or consecutive days training [9, 32]. Viitasalo et 979 
al. [32], Pournot et al. [35] and Vaile et al. [8] all showed no benefit of warm water immersion and 980 
HWI (respectively) on plasma CK activity or lactate dehydrogenase concentration 24 h post-exercise. 981 
However, Vaile et al. [8] did find a reduction in plasma CK activity at 48 h in the HWI condition. In 982 
contrast, Viitasalo et al. [32] did not observe any such effect at approximately 36 h post training. 983 
Measuring CK at 24 h post-exercise in the study by Pournot et al [35] was also possibly too early to 984 
detect any change. Substantial differences between the exercise models used by Vaile et al. [8] and 985 
Viitasalo et al. [32] make it difficult to determine whether HWI and warm water immersion 986 
(respectively) may reduce CK responses ≥48 h post exercise. As Vaile et al. [8] showed, HWI 987 
attenuated the loss in isometric squat performance, and reduced plasma CK activity, but it did not 988 
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improve recovery of weighted jump squat performance. When examining the effect of heat on 989 
markers of muscle damage, it is therefore important to assess a wide range of markers. Finally, the use 990 
of heat during a training block makes it difficult to determine which specific application of the heat 991 
therapy contributes to the beneficial outcomes. For example, Vaile et al. [9] used HWI after each 992 
training session of a 5-d training block. Therefore, the HWI used after days 1−4 could be considered 993 
as pre-heating for the following days’ (i.e. days 2−5) training session. This approach contrasts with 994 
another study by Vaile et al. [8], in which they applied HWI after one eccentric exercise protocol. 995 
Multiple exposures of heat therapy on consecutive days may also lead to heat acclimation, which may 996 
limit any potential beneficial effects. This further confounds comparisons of post-exercise heating. 997 
 998 
2.3.2.3 Summary 999 
Post-exercise/injury heat has shown some significant beneficial effects in animal models, however 1000 
heating in humans has produced mixed results. Systematic human trials are required that compare 1001 
different water temperatures, types of exercise protocols, and the timing of HWI/warm water 1002 
immersion application to determine the most beneficial recovery protocol. 1003 
 1004 
2.3.3 Heat During Experimental Treatment 1005 
Comparatively little research has investigated the effects of heat treatments during exercise, normal 1006 
daily activity and muscle atrophy (Table 3). 1007 
 1008 
In a rat model, Morimoto et al. [3] injected rats with dexamethasone 6 d/wk for 2 wks to induce 1009 
muscle myopathy. In conjunction with the injections, a group of rats were heat treated (HWI, 42°C, 1010 
60 min, hind limbs immersed, once every 3 d for 2 wks). Heat treated and dexamethasone, and 1011 
dexamethasone-only rats were compared with a control group (saline injections). The diameter of type 1012 
I, type IIa and type IIb muscle fibres in the heated group was greater compared with the non-heated 1013 
group, indicating that heating attenuated muscle atrophy associated with dexamethasone treatment. 1014 
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Further investigation of the mechanisms for this effect revealed that heat treatment attenuated 1015 
messenger RNA (mRNA) expression of the atrogenes muscle ring finger (MuRF1) and atrogin-1 1016 
compared with the non-heated rats. 1017 
Selsby and Dodd [6] applied heat during rat hind limb immobilisation to induce muscle atrophy. 1018 
A thermal blanket was used to maintain core temperature at 41−41.5°C for 30 min. This treatment 1019 
was applied 24 h before immobilisation, and on alternate days during immobilisation. Heat treatment 1020 
attenuated muscle atrophy (as measured by soleus mass) and oxidative damage in muscle (as 1021 
measured by 4-hydroxy-2-nonenol and nitrotyrosine).  1022 
Goto et al. examined the effects of heating during training [4] and the use of heating during day-1023 
to-day activity in humans [2]. In their training study [10], they found increases in muscle cross 1024 
sectional area and strength when heating (heat and steam sheets, 30 min before and during the 30 min 1025 
exercise sessions) was applied during a 10-wk low-intensity training program. Although the heating 1026 
was applied during the exercise in this study, heat was also applied before the exercise commenced. It 1027 
is therefore difficult to determine if the results of the study were due to the heating before, or during 1028 
the exercise. The arm selected for heating was the non-dominant arm, and gains in muscle mass in this 1029 
arm were greater than in the non-heated, dominant arm. This outcome makes it difficult to determine 1030 
if the increase in muscle mass in the heated, non-dominant arm was due to heating, or increased 1031 
(unaccustomed) use of the non-dominant arm during training.  1032 
In another study by Goto et al. [2], participants applied heat (heat and steam sheets, upper leg, 8 h 1033 
per day) without any formal exercise training for 10 wks. One leg was randomly chosen to receive the 1034 
treatment, with the contralateral leg serving as control. Heat treatment increased cross-sectional area 1035 
of the vastus lateralis, rectus femoris and quadriceps (taken as a whole), and increased maximum 1036 
isometric torque. Although the participants were instructed not to complete any exercise training 1037 
during the 10-wk period, the differences in daily activities during the times when heating was applied 1038 
(or when it was not) may have influenced the results. 1039 
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In contrast with the studies by Goto et al. [2, 10], Stadnyk et al. [36] found no benefit of heat. 1040 
Untrained participants completed 30 sessions of resistance exercise over 12 weeks (2−3 sessions/wk). 1041 
Participants completed 4 sets of 8 repetitions at a weight equal to 70% 1-repetition maximum (RM), 1042 
with both concentric and eccentric contractions of knee extensors completed in each session. Heat 1043 
pads (that increased muscle temperature to 38°C) were applied during and 20 min after each session 1044 
to a randomly selected leg, with the contralateral leg acting as the control. Although both legs 1045 
significantly increased muscle mass, peak and mean concentric torque, peak rate of force development 1046 
and 3-RM knee extension, there were no significant differences between the heated and control legs. 1047 
Considering that heat was applied during and after the exercise session, as opposed to before and 1048 
during the exercise session in Goto et al. [10], this may be a key variable to induce the potential 1049 
beneficial effects of heating on exercise induced adaptations.  1050 
Further research is needed in this area, with more tightly controlled studies to understand the 1051 
potential of using heat during exercise to improve performance, adaptation and/or assist with 1052 
recovery, as the studies completed to date have some limitations, as described above.  1053 
 1054 
3. MOLECULAR MECHANISMS RESULTING FROM HEATING 1055 
Evidence suggests that heat elicits protective effects that attenuate muscle injury and performance 1056 
decrements, and enhance therapeutic effects that assist recovery and adaptation. Some of the 1057 
purported mechanisms governing these effects involve HSPs, kinases in the mammalian target of 1058 
rapamycin (mTOR) pathway, and genes associated with muscle hypertrophy/atrophy. 1059 
3.1 HSPs 1060 
HSPs are proteins that respond to stress within the body. They are classified numerically by their 1061 
molecular weight, from HSP10 at 10 kDa to HSP110 at 110 kDa. HSPs have a number of functional 1062 
roles, including cell chaperoning, preventing protein denaturation and aggregation of cellular located 1063 
proteins [37], cell protection from stressors, cell signalling [38] and maintaining cell homeostasis 1064 
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[39]. HSP expression increases in response to various stressors, including hypoxia and protein 1065 
degradation [38]. HSPs may also play important specific roles in combating the onset and progression 1066 
of certain medical conditions e.g., As discussed in the review by Archer et al. [40], HSP72 increases 1067 
to help prevent the development of insulin resistance [40] and muscular dystrophy [41]. HSPs 1068 
therefore respond to and mediate a wide and diverse range of stressors. 1069 
HSP expression increases after heat and mechanical stress on muscle cells [42]. In this particular 1070 
study, rat myoblast cells were exposed to one of four conditions: (1) 97 h at 37°C (control condition); 1071 
(2) heating at 41°C for 1 h, then maintenance at 37°C for 96 h; (3) mechanical stretching at 37°C for 1 1072 
h, then 96 h of mechanical stretching at 37°C, and (4) heating and stretching at 41°C for 1 h, then 96 h 1073 
of mechanical stretching at 37°C. Cell HSP72 and HSP90 expression increased in all conditions 1074 
except the control condition. Maglara et al. [43] found that heat (incubation at 42°C, 30 min) 1075 
increased HSP25 (at 4 and 18 h post-heating) and HSP60 (12 and 24 h post-heating) and heat shock 1076 
cognate 70 (at 8, 12, 18, 24 h post-heating) in myotubes compared with no heating. Other muscle cell 1077 
culture studies also report that heat stress (41C for 1 h) increased HSP72 expression, blocked 1078 
dexamethasone-induced decreases in HSP72 expression [44], and suppressed nuclear factor B 1079 
(NFB) activation [45]. 1080 
Shibaguchi et al. [28] examined the effects of heating in rats (HWI, 42°C, 30 min) 2 d after 1081 
bupivacaine injection (to induce muscle injury), and on alternate days during 14 d of recovery. They 1082 
observed a transient rise in HSP72 expression in muscle 3 d after muscle injury compared with non-1083 
heated rats. Garramone et al. [20] found that HSP72 was only present in the gastrocnemius of rats that 1084 
were heat treated (HWI, core temperatures maintained at 42.5°C for 20 min) 12 h before lower limb 1085 
ischemia. In immobilised rats, Selsby and Dodd [6] discovered that maintaining core temperature 1086 
between 41–41.5°C for 30 min with a heat blanket increased muscle HSP25 expression by 75%, and 1087 
HSP72 expression by 7-fold. There were no changes in HSP expression in the control group 1088 
(immobilisation only). In another rat study, Morimoto et al. [3] showed a significant increase in 1089 
muscle expression (extensor digitorum longus) of HSP72 in heat-treated rats  after undergoing 2 wks 1090 
of dexamethasone treatment. Touchberry et al. [17] also reported that heating 48 h before eccentric 1091 
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exercise raised HSP72 expression in muscle of rats compared with an eccentric exercise only group. 1092 
Kojima et al. [22] observed an increase in HSP72 expression in rats that received heat treatment 1093 
before or after a saline injection compared to non-heated saline controls at 3 and 7 d post-injection. 1094 
Frier and Locke [7] heated rats before muscle overload (through removing the gastrocnemius muscle) 1095 
and discovered that HSP72 and HSP25 expression increased in muscle. As demonstrated in these 1096 
animal studies, HSP expression increases with heat application, and may be a contributing factor to 1097 
the beneficial effects generated from heating.  1098 
Human investigations have also reported that heating increases HSP expression in muscle. Ogura 1099 
et al. [46] demonstrated an upregulation of HSP27, 72 and 90 expressions in muscle 24 h after 1100 
microwave diathermy, which increased muscle temperature at 2 cm depth to ~40°C at the end of the 1101 
heat treatment. Castellani et al. [27] applied microwave diathermy (100 W, 15 min) immediately 1102 
before eccentric exercise of the elbow flexors and found an increase in plasma HSP70 concentration 1103 
at 120 h post-exercise. Touchberry et al. [47] found a significant increase in muscle HSP70 and 1104 
HSP27 phosphorylation in muscle 24 h after 20 min microwave diathermy and 20 min heat pack 1105 
application. This HSP increase, however, was only found in female subjects, who had higher basal 1106 
expression of HSP70 before the intervention. In a recent human study [48], heating the leg with a 1107 
water perfused suit (48−52°C, 90 min) increased the expression of several genes in muscle, including 1108 
those encoding HSPs (Figure 3). 1109 
Morton et al. [49] used HWI to induce HSP expression in human muscle. One leg was heated, 1110 
while the contralateral leg served as a control. Muscle biopsies were performed pre-immersion, and 1111 
then at 2 d and 7 d afterwards. Immersion raised muscle temperature to 39.5 ± 0.2°C at 3 cm depth, 1112 
similar to muscle temperatures after exercise [50]. However, HWI did not alter the expression of 1113 
HSP27, 60, or 70. The authors concluded that HSP expression in muscle may depend on factors other 1114 
than heat. Differences in heating methods and sampling times may explain the observed disparity 1115 
between these findings and those described in the previous paragraph. 1116 
The induction of HSPs may account for some of the benefits of heating (including faster recovery 1117 
of MVC force and attenuation in loss of range of motion [11]), because the HSPs protect cells from 1118 
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damage [37, 51]. The studies reviewed above that reported increased HSP expression from heating 1119 
also reported benefits to muscle including increased protein content [22, 42], increased cross sectional 1120 
area [28] and increased muscle regeneration [4]. Nevertheless, considering the equivocal findings 1121 
described above, more systematic and well controlled research is needed to clarify the effects of heat 1122 
on HSP expression in muscle. Additional research is also required comparing the effects of different 1123 
heating modalities on HSP expression.  1124 
 1125 
3.2 mTOR kinases  1126 
Activation of kinases up- and downstream of mTOR stimulates cell growth and proliferation, and 1127 
influences muscle hypertrophy [52, 53]. The activity of mTOR-related kinases increases after strength 1128 
and hypertrophy exercise, and decreases during detraining [54]. For example, ribosomal protein S6 1129 
kinase (p70S6K) (downstream target of mTOR) contributes to muscle growth during early postnatal 1130 
life in rats, and the phosphorylation of p70S6K decreases in young adult rats [55]. Phosphorylation of 1131 
protein kinase B (Akt) (upstream of mTOR) increases during periods of muscular overload. Finally, 1132 
eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) (down-stream of mTOR) may 1133 
influence cell size in mammals [55]. Induction of rapamycin can block targets down-stream of 1134 
mTOR, leading to decreased muscle mass, so these kinases are important contributors to muscle 1135 
hypertrophy [55]. Research from animal and human models into the muscular effects of heat has also 1136 
examined these kinases.  1137 
Yoshihara et al. [56] exposed rats to one of five different heat environments (37, 38, 39, 40 or 1138 
41°C HWI), or a control condition without heat stress. Soleus and plantaris muscles were removed 1139 
immediately after the heat exposure. Compared with no heat stress, phosphorylation of the upstream 1140 
regulator of mTOR, Akt (Ser473) [57], was increased after 40 and 41°C HWI in the soleus muscle, 1141 
and after 39, 40 and 41°C HWI in the plantaris muscle. After 41°C HWI, Akt phosphorylation was 1142 
higher in the soleus muscle (compared with 37, 38 and 39°C) and in the plantaris muscle (compared 1143 
with 37°C). Phosphorylation of p70S6K (Thr389) was also significantly greater in the soleus muscle 1144 
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after 41°C (versus no heat, 37 and 38°C), and in the plantaris muscle (versus no heat and 37°C). 1145 
However, the expression of another kinase downstream of mTOR, 4E-BP1 (Thr37/46), was similar 1146 
between the different treatment groups. 1147 
Finally, Kakigi et al. [58] used microwave diathermy (150 W) for 20 min immediately before 1148 
isokinetic knee extension exercise in humans. Muscle biopsies were collected pre-heating, 1149 
immediately post-exercise, and 1 h post-exercise. Heat significantly increased phosphorylation of Akt 1150 
(Ser473), mTOR (Ser2448) and ribosomal protein s6 (S6) (Ser235/236) at 1 h post-exercise compared 1151 
with no heat treatment. p38 mitogen-activated protein kinase (p38 MAPK) phosphorylation 1152 
(Thr80/Tyr182) was increased immediately post-exercise with heating compared with no heating. 1153 
Finally, heat treatment increased phosphorylation of 4E-BP1 (Thr37/46) at 1 h compared with post-1154 
exercise values. 1155 
There is an important link between mTOR and HSPs. Chou et al. [59] conducted a series of 1156 
studies evaluating this relationship. In HeLa cells, mTOR knockdown reduced cell survival and 1157 
substantially reduced expression of Hsp70, Hsp90, and Hsp110 genes. mTOR knockdown also 1158 
inhibited phosphorylation of heat shock transcription factor 1 (HSF1) serine 326, which most likely 1159 
accounted for the reduced expression of HSP genes.  Finally, mTOR inhibition (by rapamycin) and 1160 
knockdown suppressed activation of the hsp70.1 promoter. These results show the importance of 1161 
mTOR for HSP expression. 1162 
In summary, the mTOR pathway plays an important role in the process of muscle anabolism and 1163 
regeneration, and in the HSP response. Altering muscle temperatures for optimal activation of the 1164 
mTOR-associated kinases could increase muscle mass following regular heat treatment, with or 1165 
without strength training [2, 10]. 1166 
 1167 
3.3 Effects of heat on other molecular mechanisms of muscle growth and atrophy 1168 
Research has also investigated the effects of heat on other molecular mechanisms for muscle 1169 
growth and atrophy. Maglara et al. [43] heated mouse myotubes (42°C incubation, 30 min) and 1170 
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exposed them to a calcium ionophore (A23187) or a mitochondrial uncoupler (2,4-dinitrophenol) to 1171 
induce cell damage. Heat treatment reduced CK activity in the myotubes following exposure to both 1172 
A23187 and 2,4-dinitrophenol. Guo et al. [60] cultured C2C12 muscle cells at 37, 39 or 41C for 1173 
24−120 h. Compared with cells cultured at 37C, myotube width and length increased to a greater 1174 
extent, and more rapidly, under culture at 39C. By contrast, myotube width and length were 1175 
diminished in cells cultured at 41C. Analysis of gene expression revealed that cells cultured at 39 1176 
and 41C possessed increased expression of genes involved in myogenesis (e.g., myogenic factor 5, 1177 
myogenic differentiation 1), myofibrillogenesis (e.g., nebulin, titin, MHC 1, MHC 2) muscle 1178 
hypertrophy (e.g., 1- and 2- adrenergic receptor; Akt1 and Akt2) and atrophy (e.g., calpain 2, F-1179 
Box only protein 32, forkhead box protein O1 (FoxO1), forkhead box protein O3 (FoxO3)) versus 1180 
cells cultured at 37C (Figure 3). In another recent study, Tsuchida et al. [44] cultured C2C12 1181 
myotubes at 37 or 41C for 60 min, 6 h prior to treating the cells with dexamethasone. Compared with 1182 
incubation at 37C, incubation at 41C suppressed dexamethasone-induced decreases in myotube 1183 
diameter and myofibrillar protein content. Heat stress attenuated these atrophic effects by blocking 1184 
dexamethasone-induced decreases in the phosphorylation of Akt (Thr308), glycogen synthases kinase 1185 
3 beta (Ser9) and p70S6K (Thr389). Heat also blocked dexamethasone-induced increases in the 1186 
mRNA expression of regulated in development and DNA damage responses (REDD) 1, Kruppel-like 1187 
factor 15 and MuRF1 (but not atrogin-1), and the phosphorylation of FoxO1 (Ser256) and FoxO3 1188 
(Ser253). Luo et al. [61] reported that compared with incubation of L6 myotubes at 37C, incubation 1189 
at 43C for 1 h prevented dexamethasone-induced protein degradation by maintaining NFB DNA 1190 
binding activity.  1191 
These findings offer detailed evidence that heating can promote muscle cell differentiation and 1192 
alter the expression of various genes, kinases and transcription factors involved in muscle 1193 
remodelling. However, the effects of heat on muscle cells appear to depend on temperature and the 1194 
period of exposure to heat [60]. 1195 
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3.4 Effects of heat on inflammation and oxidative damage 1197 
As discussed previously in sections 2.3.1.1, 2.3.2.1 and 2.3.3, heat has elicited some beneficial effects 1198 
on markers of inflammation and oxidative damage after muscle injury. Heat reduces oxidative stress 1199 
in human muscle samples exposed to H2O2 [41], in rats during immobilisation of their hindlimbs [6] 1200 
and in rats after a period of reloading (after hindlimb immobilisation) [29]. In rats, heat expedites 1201 
infiltration of macrophages in muscle following injury [5]. In humans, heat reduces reduces 1202 
intramuscular IL-6 and prevented increases in intramuscular TNF-α after exercise [25], whereas it 1203 
does not influence changes in plasma concentrations of IL-10, IL-1β and IL-6 [27]. 1204 
 1205 
4. TECHNICAL CONSIDERATIONS 1206 
One commonly reported variable when using heat treatment is the change in muscle temperature. 1207 
Although the various heat treatments can increase muscle temperature, variations in methods of 1208 
temperature assessment make it difficult to compare studies. For example, some studies reported that 1209 
muscle temperature was measured at a depth below the skin surface, whereas others have reported the 1210 
depth of temperature assessment within the muscle belly itself. Without reporting subcutaneous fat 1211 
mass, comparing studies utilising the same temperatures/intensity of heating is difficult. Additionally, 1212 
few human exercise trials have reported muscle temperatures during experimental sessions. In most 1213 
studies, temperature was not measured, or it was estimated from pilot work or previous studies. The 1214 
common reason for not measuring muscle temperature is that the invasive nature of this procedure 1215 
may affect the ability of participants to exercise. Although this is a genuine issue, it does make it 1216 
difficult to compare studies if (perhaps) the temperature of the muscle did not change as expected. 1217 
 1218 
5. CONCLUSIONS AND FUTURE RECOMMENDATIONS 1219 
Several conclusions can be drawn from heat research to date. First, increasing muscle temperature 1220 
to approximately 40°C may be necessary to induce beneficial effects on muscle [46, 56]. Second, 1221 
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heating >16 h before exercise/stress seems to produce beneficial results compared with heating 1222 
immediately before exercise/stress (possibly through increased expression of HSPs, because HSPs are 1223 
known to increase in humans ~24 h after heating). However, heating during activity also seems to 1224 
provide beneficial effects [2, 10, 11, 18]. More human trials utilising heat and exercise sessions or 1225 
training blocks should be conducted to gauge the potential benefits of heating, and determine the 1226 
realistic potential for this therapy for the general population and elite athletes. 1227 
Some recommendations for further investigation into heating strategies are as follows. 1228 
• Research to date has demonstrated that the benefits for HWI are small or non-existent 1229 
when using water temperatures at approximately 38°C. Considering that other forms 1230 
of heating (e.g., microwave diathermy, environmental chamber) have demonstrated 1231 
benefits for performance and recovery, HWI methodology may need to be reviewed. 1232 
HWI at higher temperatures and/or for longer periods might be needed to stimulate 1233 
the appropriate processes to enhance recovery, performance and adaptation. 1234 
• Because heat can regulate kinases up- and downstream of mTOR, and various genes 1235 
involved in muscle remodelling, heat may also confer some advantages for 1236 
maintaining muscle protein synthesis and muscle mass in the elderly or in people 1237 
suffering from muscle-wasting disorders. The age-associated process of sarcopenia 1238 
can increase the risk of falls [62]. The use of heat in conjunction with strength training 1239 
in the older population may help to slow the progress of sarcopenia, thereby helping 1240 
to maintain functional status [62]. 1241 
• Most of the human studies to date have examined the effects of heating after exercise-1242 
induced muscle damage. This damage is not as severe as that resulting from muscle 1243 
tears or ruptures. More research is needed to determine whether heating helps to 1244 
promote recovery from severe muscle injuries. 1245 
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• Heat treatment in conjunction with limb immobilisation may have some clinical 1246 
benefits in the context of rehabilitation. Several animal models have demonstrated the 1247 
potential for using heating during immobilisation in humans. The benefits, such as a 1248 
more rapid return to work/sport, are substantial, and therefore warrant future 1249 
investigation. 1250 
• As described in this review, there is wide variation in the types and timing of heat 1251 
treatments in humans. Future research could compare the type and timing of heat 1252 
treatment in a more systematic fashion. This approach may help to determine the most 1253 
effective heat treatment options in individual sporting or clinical settings. 1254 
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Table 1. Summary of pre-heating studies 
Pre-heating: Animal 
Reference Heating method Stress/exercise Advantages for heat group/s Disadvantages for heat group/s 
Garramone et al. 
[20] 
HWI, core temperature 
maintained at 42.5°C for 20 
mins, 12 h before ischemia. 
Ischemia of the lower 
limb for 90 mins. 
Increased creatine phosphate in 
heat group vs. control. 
N/A 
Touchberry et al. 
[17] 
HWI, 43°C, core temperature 
maintained 41-41.5°C, 20 
min, 48 h before exercise. 
Downhill running, 5 min 
bouts, 2 min rest (90 min 
total). 
Lower CK at 2 h post. Increased 
expression of MHC neo at 2 and 
48 h post-exercise. Increased 
muscle protein content at 48 h. 
Less immune cell infiltration at 
48 h compared to exercise only 
group. 
Naito et al. [21] 
EC, 41°C, 60 min, 6 h before 
hind limb suspension. 
Hind limb suspension for 
8 d. 
Less muscle loss compared to 
control group. Higher total 
myofibrillar and soluble protein 
content than control. 
 N/A 
Kojima et al. [22] 
EC, 41°C, 60 min, 24 h 
before stress. 
Injection of cardiotoxin 
(venom from Chinese 
cobra) to stimulate 
muscle necrosis-
regeneration cycle. 
Non-significantly higher protein 
content in heat-treated and saline 
injected rats vs. control (no 
heat/stress). Increased protein 
content in heated and stressed rats 
vs. stressed only. 
N/A 
Uehara et al. [63] 
EC, 41°C, 60 min before 
soleus removal at 1, 7 and 14 
d post heating 
N/A 
Greater muscle mass to weight 
ratio, increased cell proliferation 
and phosphorylation of p70S6K 
compared to control. 
N/A  
Frier and Locke [7] 
HP, maintain core temp 
maintained 42°C for 15 min, 
24 h before gastrocnemius 
removal to include overload 
Overload via removal of 
gastrocnemius in one leg. 
 N/A 
Less increase in total muscle 
protein (plantaris) and less 
expression of type I MHC 
protein. 
Pre-heating; Human 
Iguchi and Shields 
[12] 
EC, 73°C, 30 min before 
exercise 
Fatigue task of elbow 
flexors. 
Greater muscle relaxation rate 
following MVC. 
N/A 
Khamwong et al. 
[23] 
HoP, stored in 75°C water for 
2 h, 20 min, exercise 
completed 5 min after. 
Eccentric contractions of 
wrist extensors. 5 sets, 60 
reps, 1 min between sets. 
Less deficit in pain threshold for 
whole study period, at muscle 
origin site at 2 d and muscle site at 
3 d. Less deficit in passive flexion 
ROM, passive extension ROM and 
N/A 
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active extension over whole study 
period and passive flexion ROM d 
1-8 passive extension ROM d 2-3 
and active extension on d 1-4.  
Khamwong et al. 
[24] 
Sauna, seated, 76.6-82.2°C, 
15-30% humidity for 15 min. 
Competed prior to exercise. 
Eccentric contractions of 
wrist extensors. 5 sets, 60 
reps, 1 min between sets. 
Less deficit in passive flexion 
ROM d 1-7 post exercise. Less 
deficit in passive extension ROM 
1-2 d post-ex. Less deficit in grip 
strength (1-2 d) and wrist extensor 
strength (1-3 d). 
N/A 
Skurvydas et al. 
[13] 
HWI 44°C, 45 min, waist 
high, immediately before 
post-warming testing 
(followed by exercise task). 
Drop jumps into maximal 
jumps. 3 sets of 10, 40 
and 50 reps. Drop height 
of 0.5 m followed by 90° 
knee angle into maximal 
jump. 
Increased jump height (% change 
from baseline) after 1st set and less 
% change at 48 hrs post-exercise 
compared to control. Less deficit in 
MVC at 48 hrs post-exercise. 
Smaller increase in P100 long 
muscle length to short muscle 
length ratio after 2nd and 3rd sets. 
Less CK and soreness at 24 and 48 
hrs post exercise. 
N/A 
Vardiman et al. [25] 
MD, 40 min, 24 h before 
exercise task. 
Eccentric leg extensions 
at 120% of concentric 
contraction 1-RM 
(measured immediately 
before exercise task). 7 
sets, 10 reps, 2 min rest 
between sets. 
Lower IL-6 levels from baseline to 
72 h (control group no difference). 
TNF-α did not significantly change 
in heat group (whereas significant 
increase in control group). 
N/A 
Evans et al. [26] 
MD, 10 min before eccentric 
exercise. Low heat group and 
high heat group. 
50 maximal eccentric 
contractions of elbow 
flexors. 
Less swelling in low-heat group 
vs. active recovery. Less swelling 
and muscle soreness for high heat 
group vs. active recovery. 
Lower range of motion for low-
heat group at most time points 
for all groups. 
Saga et al. [16] 
MD, 150 W, 20 min, 24 h 
before eccentric exercise. 
24 maximal isokinetic 
contractions of elbow 
flexors. 
Greater MVC and ROM following 
eccentric exercise. 
N/A 
Nosaka et al. [11] 
MD, 150 W, 20 min, 16-20 h 
before eccentric exercise. 
24 maximal eccentric 
contractions of elbow 
flexors. 
Less muscle soreness and smaller 
loss of ROM, increased recovery 
of MVC. 
N/A 
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Nosaka et al. [18] 
MD, 100 W, 10 min, within 3 
min before eccentric exercise. 
12 maximal eccentric 
actions of the elbow 
flexors. 
N/A 
Smaller relaxed arm angle. 
Greater change in flexed angle. 
Change in ROM larger than 
control and icing group. 
Castellani et al. [27] 
MD, 100 W, 15 min. 
Immediately before eccentric 
exercise. Also, applied for 2 
min between exercise sets. 
Eccentric contraction of 
elbow flexors. 2 sets, 24 
reps, 2 mins between sets. 
Increased HSP70 at 120 h post-
exercise. 
N/A 
Symons et al. [15] 
Ultrasound, 10 min, 
frequency 1 MHz, intensity 
1.5 W per cm2. Conducted 
before baseline strength 
measures (which then was 
followed by exercise task). 
Eccentric contraction of 
elbow flexors. 50 reps. 
N/A N/A 
CK: creatine kinase, EC: environmental chamber, HoP: hot pack, HP: heat pad, HSP70: heat shock protein 70, HWI: hot water immersion, IL-6: 
interleukin-6, MD: microwave diathermy, MHC: myosin heavy chain, MHz: megahertz, MVC: maximal voluntary contraction, N/A: not applicable, P100: 
muscle contraction force when stimulated at 100 hertz, reps: repetitions, ROM: range of motion, TNF-α: tumor necrosis factor-alpha, W: watts, 1-RM:1 
repetition maximum. 
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Table 2: Summary of post-heating studies 
Post-heating: Animal 
Reference Heating method Stress/exercise Advantages for heat group/s Disadvantages for heat group/s 
Takeuchi et al. [5] 
HWI (in a plastic bag), 42°C, 
20 min, 5 min after injury. 
Crush injury induced to 
muscle belly. 
Greater size and number of muscle 
fibres vs. control. Faster induction 
of macrophage infiltration, 
increased expression of growth 
factors and proliferation of Pax-7+ 
satellite cells. 
N/A 
Shibaguchi et al. 
[28] 
HWI, 42°C, 30 min, starting 
2 d post-injury and every 
other day afterwards for 14 d. 
Injection of bupivacaine 
into muscle belly. 
Increased recovery of muscle 
weight (relative to body weight) 
and total and myofibrillar protein 
content, muscle fibre size, HSP72. 
Less deposition of collagen. 
Increased expression of Pax-7+ 
satellite cells. 
N/A 
Kojima et al. [22] 
 EC, 41°C, 60 min, 
immediately after stress. 
Injection of cardiotoxin 
(venom from Chinese 
cobra) to stimulate 
muscle necrosis-
regeneration cycle. 
 Increased protein content for heat 
and saline rats compared to saline 
only controls. Increased Pax-7+ 
satellite cells in heated rats vs. 
control. Increased HSP72 in heated 
controls vs. saline only controls, 
and heated post-cardiotoxin 
injection vs. cadiotoxin only 
controls. 
 
Selsby et al. [29] 
TB, maintain core 
temperature 41-41.5°C for 30 
min, after stress and every 48 
h after for 7d. 
6 d of immobilisation of 
hind limbs followed by 7 
d reloading phase  
Greater muscle mass during 
reloading phase 
N/A 
Post-heating; Human 
Clarke [30] 
HWI, 46°C, 10 min, 
following exercise. 
1 maximal handgrip 
contraction for 2 min 
Greater force output at 2 min test 
vs. cold 
N/A 
Mayer et al. [31] 
1. Heat wrap applied for 8 h 
at 18 and 32 h post-exercise 
task. 2. Heat wrap applied 4 h 
before exercise and worn for 
2 sets, 25 reps at 100% 
peak isometric lumber 
extension strength. 2 min 
rest between sets. 
1. At 24 hrs post exercise, pain 
relief score better than cold pack 
group. Higher satisfaction with 
outcome for heat group than cold 
pack group. 2. Less pain and less 
N/A 
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8 h total (including during 
exercise).  
change in self-reported physical 
function and self-reported 
disability vs. control. 
Viitasalo et al. [32] 
Warm water immersion, 
~37°C, 20 min, 20-30 min 
after training session. 
3 d training week. 
Smaller decrease in jump power, 
slowed increase in contact time for 
5 successive jumps. 
N/A 
Kuligowski et al. 
[33] 
WP, 38.9°C, 24 min, 
immediately after and 24, 48 
and 72 h post exercise. 
5 sets, 10 reps of 
eccentric exercise of 
elbow flexors. 
Greater recovery of relaxed elbow 
flexion angle. 
N/A 
Vaile et al. [9] 
HWI, 38°C, 14 min, whole 
body (excluding head and 
neck), immediately following 
exercise. 
5 consecutive days of 105 
min cycling protocol 
(including sprints and 
time trial). Non-
significant lower HR 
compared to PAS 
(moderate effect size). 
Increased percent change in time 
trial performance vs. control.  
Non-significant decrease in 
average power for sprints over 
the 5 d. Decrease in percent 
change in time trial performance 
vs. contrast water therapy. 
Vaile et al. [8] 
HWI, 38°C, 14 min, whole 
body (excluding head and 
neck), immediately following 
exercise, and every 24 h up to 
72 h. 
7 sets x 10 reps of 
eccentric contractions of 
leg press (5 sets 120% 
1RM, 2 sets 100%). 
Smaller decrease in isometric squat 
performance at 24, 48 and 72 h vs. 
control. Reduction in CK at 48 h 
vs. control. 
Lower jump squat power 
compared to baseline at 72 h. 
Pournot et al. [35] 
Warm water immersion, 
36°C, 15 min, depth to iliac 
crest (sitting). 
10 min: rowing 30 s, 30 s 
rest, CMJ 30 s, rest 30 s 
(repeat). Two bouts 
separated by 10 min. 
N/A N/A 
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Jayaraman et al. 
[34] 
1. HP, 41°C, 2 h, covering 
quadriceps muscle belly. 
Application start at 36 h post 
exercise, applied every 24 h 
until participant soreness 
subsided. 2. Heating (as 
described) + stretching 
protocol. 
Eccentric knee extension. 
Average of 6-8 sets x 5-
10 reps. Load started at 
100% MVC and reduced 
until load was below 50% 
(load reduced each time 
participant could not 
achieve 5 reps in 
controlled manner). 
N/A N/A 
CK: creatine kinase, CMJ: counter movement jump, EC: environmental chamber, HP: heat pad, HR: heart rate, HSP: heat shock protein, HWI: hot 
water immersion, MVC: maximal voluntary contraction, N/A: not applicable, PAS: passive recovery, reps: repetitions, TB: thermal blanket, WP: 
whirlpool, 1-RM: 1 repetition maximum. 
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Table 3: Review of heating applied during stress  
During: Animal 
Reference Heating method Stress/exercise Advantages for heat group/s Disadvantages for heat group/s 
Morimoto et al. [3] 
HWI, 42°C, 60 mins, hind 
limbs immersed, once every 3 
d for 2 wk. 
Dexamethasone (injected 
6 d / wk for 2 wk. 
Attenuation in fibre diameter and 
suppression of genes associated 
with atrophy vs. dexamethasone 
only group. 
N/A 
Selsby and Dodd 
[6] 
TB, maintain core 
temperature 41-41.5°C for 30 
min, 24 h before and on 
alternate days during stress. 
Hind limb immobilisation 
for 8 d. 
Less muscle atrophy and oxidative 
damage vs. no treatment. 
N/A 
During: Human 
Goto et al. [10] 
HSS, 30 min before and 
during 30 min of exercise. 
Applied to non-dominant arm 
(contralateral arm served as 
control). 
3 sets x 30 reps of elbow 
flexion and extension, 
light intensity, 4 d/wk for 
10 wk 
Greater flexion torque of heat 
treated arm. Greater biceps brachii 
muscle mass in heated arm. 
 N/A 
Goto et al. [2] 
HSS, quadriceps of random 
leg, 8h/day, 4d/wk. 
Worn during normal 
activity. (Time of day for 
heating not stated) 
Greater isometric knee extension 
force in heated leg. Increased CSA 
in VL, RF and fibre CSA in VL in 
heated leg. 
 N/A 
Stadnyk et al. [36] 
HP, thigh of random leg, 
during and 20 mins after 
resistance training session. 
Concentric and eccentric 
contractions of knee 
extensors. 4 sets x 8 reps 
at intensity of 70% of 1-
RM. 2-3 d/wk for 12 wk 
(2-3 sessions/wk)  
N/A N/A 
CSA: cross-sectional area, HP: heat pad, HSS: heat and steam sheet, N/A: not applicable, RF: rectus femoris, reps: repetitions, TB: thermal blanket, VL: 
vastus lateralis, W: watts, 1-RM: 1 repetition maximum. 
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Figure legends 
Figure 1.  The whole body can be heated by sitting or exercising in an environmental chamber or a sauna. 
Parts of the body can be heated using heat/steam sheets or immersing the legs in hot water. Specific muscle 
groups can be heated more locally using microwave diathermy. These heating methods are described and 
discussed in more detail in section 2.2 and Tables 1, 2 and 3. 
 
Figure 2.  Research has investigated the effects of heating on many physiological variables in humans (see 
Tables 1, 2 and 3 for more details). The strongest and most consistent effects of heating include better 
restoration of muscle function and less muscle soreness/swelling after exercise. 
 
Figure 3.  Heat promotes muscle regeneration by stimulating cells and proteins involved in muscle protein 
synthesis, and restricting muscle atrophy and fibrosis. These effects are mediated (in part) by upregulation of 
many genes involved in muscle hypertrophy and downregulation of certain genes that control muscle 
atrophy. See section 3 and Tables 1, 2 and 3 for more details. Abbreviations: Fox01, Forkhead box protein 
01; HSP, heat shock protein; PF4, platelet factor 4; ANGPT2, angiopoietin 2; CCL2, C-C Motif Chemokine 
Ligand 2; VEGF, vascular endothelial growth factor; IGF1, insulin-like growth factor 1; MyH1, heavy 
polypeptide 1 myosin; MyH1, heavy polypeptide 2 myosin; Neb, nebulin; Ttn, titin; Acta 1, alpha 1 actin; 
Myf, myogenic regulatory factor; Myog, myogenin; Myod1, MyoD; Slc2A4, Solute carrier family 2 member 
4; Capn2, calpain 2; Pparg, peroxisome proliferator activated receptor gamma; Adrb2, adrenoceptor beta 2; 
Akt2, Akt kinase 2; Prkag3, protein kinase adenosine monophosphate kinase-activated non-catalytic subunit 
gamma 3; Prkab2, protein kinase adenosine monophosphate kinase-activated non-catalytic subunit beta 2; 
Fbxo32, F-box protein 32;  
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